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Abstract
The synthesis and characterization of novel rhodium-tetraphosphine 
ligand complexes have been completed. The purpose of this dissertation 
research was to better characterize our novel binuclear hydroformylation 
catalyst by synthesizing and characterizing compounds with various 
combinations of rhodium centers and a binucleating tetratertiary phosphine 
ligand, et,ph-P4 [et,ph-P4 = (Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2)]. 
Eight new complexes, [Rh3(rac-et,ph-P4 )2](BF4)3, 17, [Rh2(meso-et,ph- 
P4)2](PF6)2> 26, [Rh2(rac,meso-et,ph-P4)2]CI2, 26a, [Rh2(rac-et,ph-
P4)2](BP4)2> 28, [RhCI2(rac-et,ph-P4)]BF4»toluene, 32a, [RhCI2(rac-et,ph- 
P4)]BF4*MeOH, 32b, [RhCI2(rac-et,ph-P4)]BF4*2DCM, 32c, and [RhCI2(rac- 
et,ph-P4)]BF4*acetone, 32d, have resulted from these research efforts and 
are discussed in Chapters 2-4. 31P NMR analyses of these complexes show 
that none of these are present in our hydroformylation catalyst, based on in 
situ spectroscopic studies of [Rh2(nbd)2(rac-et,ph-P4)]2+ by Dr. Rhonda 
Matthews. But, we believe that the cationic monometallic dihydride, [RhH2(4- 
rac-et,ph-P4)]+, is one of the complexes that does form in the bimetallic 
hydroformylation catalysis. Compounds 32a-32d are monometallic r|4- 
coordinated complexes with two cisoidal chloride ligands and various solvent 
molecules. They are being studied as possible olefin polymerization catalysts. 
To be an effective catalyst, the octahedral complex will require at least one 
open coordination site on the metal. This will require the activation of the
xv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
complex by the removal of a chloride (Cl- ) ligand and the exchange of the 
other Cl-  ligand with an alkyl group or hydride that can initiate or sustain 
polymerization. The results of these preliminary polymerization studies are 
also discussed.
xvi
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Chapter 1 
Introduction
1.1 Hydroformylation
The most frequently used homogeneous catalytic process for 
producing aldehydes is hydroformylation, shown in Figure 1. Current 
industrial production exceeds 15 billion pounds annually, making it one of 
the largest homogeneous catalytic reactions.
O
Catalyst II
H20 = C H R +  H2 + CO------------- -- H R +
Linear Branched
Figure 1: Hydroformylation reaction.
Following the initial discovery of HCo(CO)4 catalyzed 
hydroformylation1 by Otto Roelen in 1938, Heck and Breslow were the first 
to propose the currently accepted monometallic pathway in I960.2 A 
bimetallic mechanism based upon an intermolecular hydride transfer was 
proposed by Heck, but not favored, in 1961. This "bimetallic cooperation" 
involved the reaction of two cobalt complexes, HCo(CO)4 and 
Co(acyl)(CO)4, in the hydroformylation cycle that promoted the elimination 
of the final aldehyde product via an intermolecular hydride transfer.3 
Subsequent spectroscopic and kinetic studies, however, clearly 
demonstrated that the monometallic mechanism was how the catalyst 
worked.
1
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1.2 Background
The main interest of our group revolves around the cooperative 
behavior of two or more metal centers that ultimately yield novel 
homogeneous catalytic reactions. Prior to the discovery of the current 
tetraphosphine ligand (Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2), et.ph- 
P4, our group used the hexatertiaryphosphine ligand [(Et2PCH2CH2)2P- 
CH2P(CH2CH2PEt2)2L eHTP,4 which is a powerful binucleating ligand 
system (Figure 2). A number of bimetallic complexes were characterized 
using the eHTP ligand system, but none showed any catalytic activity.4^ 
Our current tetraphosphine ligand et,ph-P4 resulted from concerns that 
eHTP was too sterically encumbering and was preventing the two metal 
centers from “cooperating.”
meso-et, ph-P4 
Figure 2: Line drawings of the eHTP and et,ph-P4 ligands.
The linear et,ph-P4 ligand is less sterically hindered while still 
possessing the same bridging and chelating abilities as eHTP, its
rac-et,ph-P4
eHTP /  \Ph Ph
2
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predecessor. One “problem” with et,ph-P4 is the chirality of the two central 
phosphorus atoms. This chirality generates the meso- (R,S) and the 
racemic (R,R- and S.S-) diastereomers. While the chirality of the rac- 
et,ph-P4 ligand is potentially good for generating chiral bimetallic systems 
that might be good for asymmetric catalysis, the production of two 
diastereomeric forms of the P4 ligand leads to a number of practical 
difficulties in separating the ligand diastereomers.
The racemic-et,ph-P4 ligand is particularly important to obtain pure 
as it is the key to generating a highly active and selective bimetallic 
hydroformylation catalyst.6 This novel bimetallic system is based on the 
catalyst precursor, [Rh2(nbd)2(rac-et,ph-P4)]2+, 1, [nbd = norbornadiene], 
Figure 3, which contains two rhodium centers held together by the 
binucleating et,ph-P4 tetraphosphine ligand. The dirhodium catalyst 
generated under hydroformylation conditions is believed to operate via a 
"Heck-like" bimetallic intramolecular hydride transfer mechanism.6
Figure 3: Line drawing for [Rh2(nbd)2(rac-et,ph-P4)]2+, 1.
Dr. Rhonda Matthews has conducted detailed spectroscopic studies 
on the bimetallic catalyst species generated under hydroformylation
3
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conditions. Her studies involving in situ 1H, 31P{1H} NMR and FT-IR 
analyses demonstrated the presence of at least seven complexes, but only 
a few could be conclusively identified.7 The 31P{1H} NMR spectra for 1 
under hydroformylation conditions is shown in Figure 4.
60 50 30 20 10 0 -10ppm 70 40
Figure 4: 31 P{1H} spectrum of [Rh2(nbd)2(rac-et,ph-P4 )]2+, 1, 
under 250 psig H2/CO at 25°C in acetone-d6.8
As shown in Figures 4 and 5, the 31P NMR spectrum is fairly 
complex. Figures 5a and 5b dramatically highlight the effect of increasing 
the soaking time under H2/CO, which increases the proportion of some of 
the complexes in the catalyst solution. 31P{1H} 2-D COSY experiments 
were conducted on the catalytic solution to determine the number of 
phosphorus containing compounds present. These experiments 
demonstrated the presence of five well-defined complexes, four of which 
have symmetrical structures with two sets of coupled 31P NMR 
resonances. There is one bimetallic compound that is unsymmetrical with 
four31P NMR resonances (5 = 77.5, 60.6, 21.5, and -9.2 ppm).
4
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Figure 5: 31P {1H} NMR of [Rh2(nbd)2(rac-et,ph-P4)]2+ under (a) 
250 psig 1:1 H2/CO at 25°C, 1 hr; (b) 250 psig 1:1 H2/CO at 25°C, 
24 hrs; (c) [Rh2 (CO)4(rac-et,ph-P4)]2+ under 1 atm CO at 25°C.8
The 31P{1H} NMR spectra of [Rh2(CO)4(et,ph-P4)]2+ 2, without CO 
pressure showed a well-defined resonance at 71.6 (doublet) and a broad 
unresolved resonance at 62 ppm. This broad band at 62 ppm dramatically 
sharpened to a doublet under 1 atm of CO. Additionally, it smoothly 
shifted to approximately 58 ppm with increasing CO pressure (Figure 5c). 
The doublet at 71.6 ppm shifted to 70.8 ppm under 250 psig of CO (Figure 
5c). This spectroscopic data is consistent with a symmetrically chelated 
and bridged bimetallic structure and confirms a facile CO-based
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equilibrium that exists between the tetra-, penta- and hexa-carbonyl 
bimetallic complexes [Rh2(CO)4(et,ph-P4 )]2+I 2, [Rh2(CO)5(et,ph-P4 )]2+I 
3, and [Rh2(CO)6(et,ph-P4 )]2+, 4, shown in Figure 6 .
Figure 6: Line drawings of the dirhodium carbonyl complexes,
2, 3, and 4.
We will refer to the dirhodium pentacarbonyl complex 3 as the 
“averaged” open-mode carbonyl complex present in the catalyst solution. 
The 31P NMR resonance at -9.2 ppm has been assigned to a dangling 
phosphine ligand since the 2D-COSV coupling pathways show that this is 
one of the terminal phosphine groups in the rac-et,ph-P4 ligand. The only 
31P resonance that does not have Rh-P coupling is the one located at -9.2 
ppm demonstrating that it is not coordinated to a Rh atom.
This unsymmetrical complex has been assigned as the closed­
mode CO-bridged complex [Rh2(p-CO)2(CO)3(rac-ri3-et,ph-P4 )]2+, 5, 
shown in Figure 7.
3
6
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Figure 7: Line drawing of 5.
The low intensity of the hydride region of the 1H spectrum relative to 
the rest of the spectrum made heteronuclear 1H/31 P{1 H} COSY all but 
impossible. Therefore, narrow-band selective 31P decoupling of the 
hydride region was conducted in order to identify which 31P resonances 
correlated with the well-defined hydride resonances at -5.6 and -15.0 ppm 
(Figure 8 ). The doublet of quartet hydride peaks centered at -5 .6  ppm 
correlated with the 31P resonances at 74.7 and 58.7 ppm. Narrow and 
broad-band 31P decoupled 1H NMR experiments have determined that 
there is an extremely large 1JRh_H coupling constant of 164 Hz. This is 
more than three times greater than the largest Rh-H coupling constant of 
50 Hz previously reported in the literature and indicates that this dirhodium 
dihydride is a highly unusual complex.7 Matthews and Stanley have 
assigned this as the active catalyst species [Rh2H2(CO)2(n-CO)2(fac- 
et,ph-P4)]2+, 6 , which has cationic Rh(ll) oxidation state centers and a Rh- 
Rh bond.
7
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Figure 8 : Variable temperature 1H NMR spectrum for [Rh2(nbd)2. 
(et,ph-P4)]2+,1, under 250 psig H2/CO in acetone-d6.8
Figure 9: Line drawing for [Rh2H2(CO)2(n-CO)2(rac-et,ph-P4)]2+, 6 .
The broadness and lack of discernible coupling of the exchanging 
-6 .3  and -8 .5  ppm 1H NMR hydride resonances precluded 31P decoupling 
studies on these resonances. It was assumed that the broad exchanging 
hydride resonances at -6 .3  and -8.5 ppm (Figure 8 ) correlated with the 
two broad exchanging 31P peaks at 73.8 ppm and 66.5 ppm in the 31P{1H} 
NMR spectrum in Figure 4. The fact that these symmetrical complexes 
only appear after extended soaking under H2/CO (Figure 5b) indicate that
8
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they result from H2 addition to the dihydride complex 6. We have assigned 
these dynamically exchanging complexes to the bimetallic Rh(lll) 
tetrahydride complex [Rh2H2(p.-H)2(CO)2(rac-et,ph-P4)]2+, 7, and the 
dinuclear Rh(ll) complex that results from reductive elimination of the two 
terminal hydrides in 7, [Rh2(p-H)2(CO)4(rac-et,ph-P4)]2+, 8, as shown in 
Figure 10. [Rh2(p-H)2(CO)4(rac-et,ph-P4)]2+, 8 , is a hydride-bridged
isomer of 6. Prof. Stanley ran into serious problems at this point in 
assigning structures for the two remaining sets of symmetrical 31P 
resonances at 77.8 & 38.2 ppm and 34.2 & -4.1 ppm (Figure 4). The 77.8 
and 38.2 ppm resonances did not show 31P(1H} NMR correlations in the 
COSY experiments.
But because they appear in the same intensity ratio in all of the 31P NMR 
spectra collected we believe they are related to a symmetrical bimetallic 
complex. The 77.8 and 38.2 ppm resonances also did not show any 
correlations with the hydride resonances indicating that one is dealing with 
a dirhodium carbonyl et,ph-P4 complex. We were running quite low on 
symmetric bimetallic structures to assign at this point. Two possibilities 
were [Rh2(CO)2(p-CO)2(rac-et,ph-P4)]2-*-, 9, and the unusual dirhodium
16e- Rh(lll)
7
18e- Rh(ll) 
8
Figure 10: Line drawings for 7 and 8.
9
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double ligand complex, [Rh2(rac-et,ph-P4)2]2+, 10, shown in Figure 11. 9 
is a closed-mode CO-bridged isomer of the open-mode complex 
[Rh2(CO)4(rac-et,ph-P4)]2+, 2. The double ligand complex 10 had some 
precedent from the work of Dr. Scott Laneman who accidentally prepared 
a bimetallic Rh complex that contained both the racemic- and meso-et.ph- 
P4 ligands, [Rh2(rac-et,ph-P4^meso-et,ph-P4)](CI)2, 11.9 A line drawing 
and ORTEP diagram for 11 are shown in Figures 12 and 13, 
respectively.10
Figure 12: Line drawing of [Rh2(rac-et,ph-P4,)(/77eso-et,ph-P4)]2+, 11.
Dr. Laneman prepared 11 by accidentally reacting two equivalents of 
mixed (1:1 rac- and meso-) et,ph-P4 with Rh2(p-CI)2(CO)4 (Figure 14). Dr. 
Laneman obtained and analyzed a single crystal of 11, but was unable to
9 10
Figure 11: Line drawing for the dirhodium complexes 9 and 10.
10
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collect 31P{1H} NMR data due to an insufficient amount of material
isolated.
Figure 13: ORTEP plot of 11 (ethyl groups on the external 
phosphines have been omitted for clarity).
Single X-ray crystal analysis of the golden-orange dirhodium 
complex crystallized from THF confirmed that rac- and meso-et,ph-P4 
ligands are each coordinated to two Rh(l) centers (Figure 14).
Figure 14: Reaction scheme used to synthesize 11, by Dr. Scott 
Laneman.
11
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At the time, Dr. Laneman’s results on this double ligand dirhodium 
complex were not pursued because it was highly unlikely to be an active 
catalyst for hydroformylation and the yield was very low. However, Dr. 
Matthews’ in situ spectroscopic studies were identifying more symmetrical 
complexes than we could reasonably propose structures for. Previous 
hydroformylation studies had also indicated that some fragmentation of our 
bimetallic catalyst could be occurring as evidenced by small amounts of 
black material that occasionally formed during catalytic runs. Prof. Stanley 
believed that this was caused by loss of one rhodium atom from the 
bimetallic catalyst to form Rhx(CO)y clusters. The spectroscopic 
identification of the dangling phosphine complex, [Rh2(p-CO)2(CO)3(rac- 
r)3-et,ph-P4)]2+, 5, (Figure 7) pointed to a bimetallic complex from which a 
rhodium atom could easily be dissociated.
This certainly increased the chance that a double ligand dirhodium 
rac,rac-(et,ph-P4)2 complex could be forming from the combination of two 
monometallic Rh(rac-r|2-et,ph-P4)+ fragments. Prof. Stanley, however, 
was somewhat skeptical that [Rh2(rac-et,ph-P4)2]2+, 10, could form due to 
the steric interference of two phenyl rings pointing into the dirhodium 
“pocket.” Thus, one of my projects was to study the synthesis and 
characterization of the dirhodium double et,ph-P4 ligand complexes: 
[Rh2(rac-et,ph-P4)2]2+, 10, [Rh2(meso-et,ph-P4)2]2+, and [Rh2(rac-et,ph- 
P4)(meso-et,ph-P4)]2+, 11. The goal was to see if the double rac-et,ph-P4 
dirhodium complex could be prepared and whether the 31P NMR
12
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correlated with anything observed in the catalytic solution. This work is 
presented in Chapter 3.
The 34.2 and -4.1 ppm resonances (Figure 4) also indicated a 
rather symmetrical species present in the catalyst solution. The narrow­
band selective 31P decoupling experiments confirmed that the multiplet 
hydride resonance at -15 ppm (Figure 8) correlated with these 31P 
resonances at 34.2 and -4.1 ppm. So we have a symmetrical hydride 
complex. The Rh-P coupling on the -4.1 ppm resonances clearly indicated 
that this was not due to a dangling phosphine like that seen in complex 5. 
It is known that 4-membered bis(phosphino)methane-metal chelate rings 
cause large upfield shifts in the 31P NMR for the phosphines involved in 
the 4-membered ring.
This led Prof. Stanley to propose the monometallic Rh(lll) r|4- 
chelated dihydride complex [Rh2H2(rac-ri4-et,ph-P4)]+, 12. While the 
Stanley group has observed several monometallic et,ph-P4 complexes 
with nickel, none had this type of structure. In that sense, this proposed 
structure was quite unusual. But this complex did fit in well with the 
fragmentation possibilities discussed above. Obtaining a model complex 
for 12 would considerably strengthen the proposed assignment. My 
research quite unexpectedly did provide just such a model complex (see 
Chapter 4) and allowed us to make a strong assignment for 12, shown in 
Figure 15, in the in situ catalytic studies.
13
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Figure 15: Line drawing for [Rh2H2(rac-q4-et,ph-P4]2+, 12.
One goal of my research was to obtain 31 P{1 H} NMR data on any 
new species prepared and attempt to correlate these with those seen in 
the catalyst mixture. My research into this project ultimately led to the 
preparation of an unusual trimetallic rhodium double P4-ligand complex 
(Chapter 2), the dirhodium double ligand complexes [Rh2(rac-et,ph- 
P4)2]2+, 10, and [Rh2(meso-et,ph-P4)2]2+ (Chapter 3), and the ri4-chelated 
et,ph-P4 monometallic Rh(lll) complexes [RhCI2(et,ph-P4)]+ and 
[RhCI(CH2CI)(et,ph-P4)]+ (Chapter 4) that we certainly did not anticipate.
Additional efforts of our group have focused on understanding the 
formation of metal carbene derivatives of our bimetallic catalyst formed 
from the reactions of one to two equivalents of dimethylpentadienide anion 
(DMPDE) with [Rh2(nbd)2(rac-et,ph-P4)](BF4)2, 1.11 Dr. Wei-Jun Peng12 
accidentally synthesized and obtained a crystal structure of the doubly 
deprotonated carbene complex, 13, (Figure 16) that was of poor quality. 
Attempts to repeat the synthesis of the bimetallic carbene compound, 13, 
using DMPDE, lithium diisopropylamide (LDA) and potassium hydride 
have all been unsuccessful. This led, however, to the structural
14
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characterization of the unusual trirhodium double ligand complex reported 
in Chapter 2.
Presented in this dissertation are eight new complexes, which have 
resulted from research efforts to better understand the reaction chemistry 
of 1, our bimetallic hydroformylation catalyst precursor. Of these eight new 
compounds, one is a trirhodium double P4 ligand complex, three are 
bimetallic rhodium complexes with double ligand structures, and four are 
monometallic Rh(lll) r|4-P4 complexes with different solvates. The 
monometallic complexes are possible olefin polymerization catalyst 
precursors and preliminary (but unsuccessful) studies are reported in 
Chapter 5.
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Chapter 2 
Rhodium Trimer
2.1 Introduction
One of the first projects that I was assigned involved the synthesis 
and characterization of a novel dirhodium carbene complex that was 
accidentally prepared by Dr. Wei-Jun Peng in our group a number of years 
ago. Dr. Peng was attempting to prepare a neutral dirhodium complex by 
performing a simple ligand substitution reaction on [Rh2(nbd)2(rac-et,ph- 
P4)](BF4)2, 1, with 2,3-dimethylpentadienide anion (DMPDE). Rather than 
simply substituting off one of the norbornadiene ligands, the DMPDE instead 
performed a double deprotonation of the central methylene bridge on the 
et,ph-P4 ligand. The now neutral dirhodium complex rearranged to form the 
unsymmetrical carbene complex 15. The expected and actual reactions are 
shown in Figure 17.
not produced
I w
14 15
Figure 17: Reaction scheme that led to the preparation of the 
mono-deprotonated alkyl complex 14 and double deproto-nated
carbene,15.
17
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Additional work by Dr. Peng and Ms. Kari Fitzgerald in our group 
demonstrated that this was indeed a step-wise deprotonation that 
proceeded through the intermediacy of the alkyl coordinated cationic 
dirhodium complex 14. Although a crystal structure was obtained on the 
dirhodium carbene complex 15, it was too poor for publication. Other 
unusual observations included the reaction of 14 with CO to produce a 
symmetrical Rh tetramer that had two mono-deprotonated symmetrically 
coordinated P4 ligands (et,ph-P4-H_). Another poor quality crystal structure 
on this complex gave a formulation of [Rh4(p3-CO)4(et,ph-P4-H-)2KBF4)2, 
16, which is shown in Figure 18.
Figure 18: Structure of Rh4 tetrahedral cluster, 16, formed from 
the reaction of the mono-deprotonated dinuclear complex 14 with 
CO. p-CO and ethyl groups on the trimetallic phosphines are 
omitted for clarity.
When 1 atm of H2/CO was placed over a solution of the dirhodium 
carbene, 15, an aldehyde resonance was observed in the 1H NMR and a 
symmetrical 31P NMR is seen. We believe that this corresponds to the 
addition of an aldehyde group and a hydrogen to the central methylene
each et,ph-P4 ligand has lost 
one proton from the central 
methylene bridge making it 
anionic
4 triply-bridging CO ligands 
cap the four triangular faces 
(not shown)
18
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bridge of the et,ph-P4 ligand with rearrangement of the P4 ligand back to a 
symmetrically chelated and bridged bimetallic structure.
Many of these reactions are unusual and certainly worthy of further 
study. Given the very poor crystal structures on the carbene, 15, and Rh 
tetrahedral cluster, 16, a lack of detailed spectroscopic data and no 
elemental analysis data, it was clear that this chemistry had to be 
reproduced, new crystals grown, improved quality low temperature X-ray 
structures obtained, and full 1H, 13C and 31P NMR data collected. My first 
assignment, therefore, was to prepare and fully characterize the mono- 
deprotonated dirhodium alkyl complex 14 and the double-deprotonated 
carbene complex 15.
2.2 Synthesis of [Rh3(raoet,ph-P4>2](BF4)3,17.
Ms. Kari Fitzgerald had unpublished preliminary results that indicated 
that instead of working with the 2,4-dimethylpentadienide anion (DMPDE), 
one could make use of the strong base lithium diisopropylamide (LiN(APr)2, 
LDA) to cleanly deprotonate [rac-Rh2(nbd)2(et,ph-P4)](BF4)2, 1, to produce 
the mono-deprotonated dirhodium alkyl complex 14 and the double- 
deprotonated carbene complex 15. This was the starting point for the 
attempted re-preparation of the carbene complex 15 (and related complexes 
like 14). [Rh2(nbd)2(rac-et,ph-P4)](BF4)2, 1, was reacted with two
equivalents of LDA in THF at -78°C to produce a dark-red/orange solution. 
The reaction scheme is shown in Figure 19.
19
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Figure 19: Synthesis scheme for [Rh3(rac-et,ph-P4)2](BF4)3, 17.
The 31P NMR of the crude reaction mixture indicated a complicated 
mixture of products. When this reaction was repeated with DMPDE anion at 
0°C in THF and an excess of norbornadiene, we obtained a crude 31P{1H} 
NMR spectrum that showed poorly resolved multiplets at -35  and 50 ppm. 
This might suggest the presence of the doubly de-protonated carbene 
compound since there are two types of phosphorus groups present in the 
structure. After three months a few orange single crystals were obtained 
from the LDA reaction (toluene/hexane solvent system). No crystals were 
obtained from the DMPDE reaction. A single-crystal X-ray structure 
revealed the completely unexpected tri-rhodium complex [Rh3(rac-et,ph- 
P4)2](BF4)3, 17. There are two independent molecules in the unit cell, each 
with three Rh atoms. In one of the molecules, the central Rh atom and a 
disordered BF4~ anion sit on a two-fold axis with the other two Rh atoms and 
BF4-  are related by the two-fold axis. The other molecule is similar to the 
first, except it does not lie on a two-fold axis. Overall there are five 
independent Rh atoms in the asymmetric unit. An ORTEP plot of one of the
20
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molecules of the asymmetric unit for 17 is shown in Figure 20, while 
selected bond distances and angles are listed in Table 1. Crystallographic 
data and collection parameters are listed in Appendix A.
The structure of [Rh3(rac-et,ph-P4)2]3+ is composed of one rhodium 
center that is chelated by two bis(phosphino)ethane units from the two 
different et,ph-P4 ligands. This cationic Rh(l) center has a distorted square- 
planar geometry with a P-Rh-P chelate angle of 83.6(3)°. There is a 
significant distortion towards tetrahedral with a dihedral angle between the 
two P-Rh-P planes of 53.7(1)°. The other two external cationic Rh(l) centers 
are chelated by the one remaining bis(phosphino)ethane unit from each of 
the et,ph-P4 ligands. The average P-Rh-P chelate ring angle is 83.5° and 
they all fall in quite a narrow range.
An interesting feature of this complex is the ^-coordination of one 
et,ph-P4 ligand phenyl ring to each of these external rhodium atoms. The 
Rh-phenyl bond distances are quite consistent with average Rh-C distances 
of: 2.30 A (Rh1), 2.31 A (Rh3), and 2.32 A (Rh4). The bischelated Rh(l) 
center has a 16e- count, while the (ri6-phenyl)Rh(P2) rhodium centers have 
saturated 18e- configurations. The Rh centers are well-separated with Rh- 
Rh distances of: Rh1-Rh2 = 4.639(3) A, Rh1-Rh3 = 6.751(3) A, Rh2-Rh3 = 
4.639(4) A, Rh4-Rh5 = 4.762(3) A, and Rh4-Rh4’ = 6.719(3) A. This is the 
first et,ph-P4 complex that we have characterized with the ligand phenyl 
rings coordinated to the metal atoms in any fashion. It is also the first 
structure where two et,ph-P4 ligands are coordinated to a single metal
21
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et,ph-P4 ligands are coordinated to a single metal center (but see the 
next chapter for several more examples). We do not fully understand 
how this complex formed, although the LDA base could have assisted 
somehow in the loss of the norbornadiene(s) and one of the rhodium 
atoms.
P9
Rh5
C70
CS2
[C6S<C69
[C64]
P10
C68,
C83]
Rh4,C67
[C6
P11
P12
Figure 20: ORTEP diagram for [Rh3(raoet,ph-P4)2]3+, 17. The 
molecule lying on the 2-fold symmetry axis is shown. The et,ph-P4 ethyl 
groups and BF4~ anions have been omitted for clarity.
Once a bis(phosphino)ethane portion of the et,ph-P4 ligand is 
uncoordinated, it becomes the best ligand available in the solution. It could 
then easily displace a norbornadiene from the starting Rh2 (nbd)2 (et,ph- 
P4)]2+ complex to produce a tri-rhodium complex.
22
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Steric hindrance at this point could help promote the loss of any 
remaining norbomadiene ligands with the et,ph-P4 phenyl groups.
Table 1: Selected bond distances (A) and angles (°) for 
[Rh3(rac-et,ph-P4)2](BF4)3l17.
Rh1-P1 2.247(7) P11-C53 1.78(2)
Rh1-P2 2.234(7) Rh4-C60 2.35(2)
Rh2-P3 2.256(7) Rh4-C61 2.33(2)
Rh2-P4 2.311(7) Rh4-C62 2.31(2)
Rh2-P7 2.266(6) Rh4-C63 2.32(2)
Rh2-P8 2.289(7) Rh4-C64 2.35(2)
Rh3-P5 2.230(7) Rh4-C65 2.26(2)
Rh3-P6 2.229(7) Rh4-Pl2 2.230(8)
Rh4-P11 2.244(6) P10-C53 1.83(2)
Rh5-P9 2.304(8) P1-Rh1-P2 83.4(3)
Rh5-P10 2.291 (7) P3-Rh2-P4 83.7(3)
Rh3-Cl6 2.31(2) P3-Rh2-P7 95.9(2)
Rh3-Cl7 2.34(2) P3-Rh2-P8 173.1(2)
Rh3-Cl8 2.23(2) P3-Rh2-P7 171.6(3)
Rh3-Cl9 2.30(3) P3-Rh2-P8 97.9(3)
Rh3-C20 2.36(2) P5-Rh3-P6 83.2(2)
Rh3-C21 2.29(2) P7-Rh2-P8 83.5(2)
Rh1 -C41 2.28(2) P9-Rh5-P9 100.3(3)
Rh1-C42 2.33(2) P10-Rh5-P10 95.1(2)
Rh1-C43 2.29(2) P10-Rh5-P9 83.6(3)
Rh1-C44 2.29(2) P10-Rh5-P9 167.5(2)
Rh1-C45 2.35(2) P11-Rh4-P12 83.5(2)
Rh1-C46 2.27(2) P10-C53-P11 122(1)
Numbers in parentheses are estimated standard deviations in 
the least significant digits.
2.3 Discussions and Literature Comparisons
There are quite a few rhodium complexes that contain mono or 
bidentate phosphine ligands to which we can compare the Rh-
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bis(phosphino)ethane portion of 17. Rh-P distance ranges for 17 are 
2.34(7) to 2.225(7) A for Rh1, 2.256(7) to 2.311(7) A for Rh2, 2.229(7) to 
2.230(2) A for Rh3, 2.230(8) to 2.244(2) A for Rh4 and 2.304(8) to 2.304(8) 
A for Rh5. The overall average Rh-P distance is 2.26 A. These values are 
about the same as those reported by Jones et al,1 who described the 
synthesis and characterization of [Rh(PMe3)4]+.
Monometallic rhodium complexes with two chelating bidentate chiral 
phosphine ligands were reported by Young et al2 for the asymmetric 
catalytic carbonylation of racemic aldehydes, 18, (Figure 21).
Figure  21 : Line drawing for 18 synthesized by Young et al.
Their structure showed a square planar geometry, distorted toward 
tetrahedral within the 5-memebered chelate rings. The geometry of 18 is 
similar to that of the Rh atoms in 17, with both having 5-membered chelate 
rings. Rh-P bond distances for 18 ranged from 2.292(2) to 2.308(2) A, while 
the Rh-P bond distances in 17 ranged from 2.230(8) to 2.304(8) A. The 
slightly shorter Rh-P distances in 17 may result from the alkylated Et2P 
groups that are stronger donor groups than the diphenyl phosphines in 
Young’s complex.
Rh
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Interest in chelating phosphine ligands led Dziwok et al3 to 
investigate the synthesis of the rhodium 1,1'-bis(diphenylphosphino)- 
bicyclopropylethane (dppcpe) complex, 19, (Figure 22). Crystals of 19 that 
were grown from dimethyl sulfoxide, contained two independent molecules 
along with two solvent molecules in the asymmetric unit. The Rh atoms are 
located on inversion centers.
Rh-P bond distances in 19 averaged 2.313(2) A and ranged from 
2.306(2) to 2.325(2) A. These values are similar to those for 17. Rh-P bond 
distances for 17 averaged 2.26 A and ranged from 2.240(7) to 2.304(8) A. 
Again, the shorter Rh-P bond distance in 17 probably comes from the 
stronger donor properties of our et,ph-P4 ligand. In general the Rh-P 
distances and P-Rh-P bond angles for 17 all lie close to those reported for 
quite a few other [RhP4]+ complexes, both those with and without 
bis(phosphine) chelates.4*5
Quite a few rhodium compounds with an arene ring coordinated to a 
metal (M-r|6-arene) have been reported in the literature.
©
Figure 22: Line drawing for 19.
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For instance, Amer and Alper6 reported the discovery and application 
of a zwitterionic rhodium complex, 20, for use as a hydroformylation catalyst 
(Figure 23).
Figure 23: Zwitterionic Rh(COD) complex with an ri6-arene 
coordinated BPh4~ anion, 20 (COD = 1,5-cyclooctadiene).
This Rh(l) compound consisted of a 1,5-cyclooctadiene (COD) ligand 
and a tetraphenylborate anion, with one of the phenyl rings coordinated in 
an ri6-fashion to the Rh center. Alper speculated that the formal positive 
charge on the Rh atom might help direct the hydroformylation 
regioselectivity and enhance the activity of the catalyst. Unfortunately this 
catalyst does not have any special selectivity or activity for hydroformylation 
catalysis. An X-ray structure on 20 has not been reported.
Nolte and Gafner were the first researchers to report a 
crystallographically characterized ri6-arene complex with the BPh4~ group 
directly coordinated to a transition metal center.7 They prepared (r|6-
26
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BPh4)Rh[P(OMe)3]2, 21, by adding NaBPh4 to [(COD)RhCI]2 in a solution of 
P(OMe)3 and methanol (Figure 24).
The Rh-P bond distances for 21 were 2.18(2) and 2.19(2) A and 
these are 0.04 A to 0.11 A shorter (0.07 A average) than the Rh-P distances 
in 17. The shorter Rh-phosphite distances in 21 are probably due to the 
more contracted orbitals on the phosphite ligands versus the more spatially 
extended, electron-rich phosphine ligands in 17. This effect can give 
shorter, but weaker M-L bonds in some cases. An alternate explanation is 
that the phosphite ligands are engaged in more n-backbonding with the 18e- 
Rh center leading to shorter Rh-P distances. We do not think, however, that 
the arene ring is a good enough donor to make the Rh electron-rich enough 
to 7r-backbond very much with the phosphite ligands. The Rh-C bonds of 21 
averaged 2.34(2) A (range, 2.30 -  2.41 A) versus the same average value of 
2.34(2) A (range, 2.26 -  2.36) for 17.
(MeO)3P,
(MeO)3P
Figure 24: Line drawing for Rh[P(OMe)3]2BPh4, 21.
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Schrock and Osborn8 described the synthesis of several Rh(l)- 
tetraphenylborate complexes. They were investigating the catalytic 
properties of the weakly solvated type complexes of [Rh(P(C6H5)3)2H2S2]+ 
(where S = solvent). The compounds that they reported were [Rh(1,3- 
butadiene)][B(C5H5)4], [Rh(2,3-dimethyl-1,3-butadiene)][B(C6H5)4],
[Rh(cyclopentadiene)][B(C6H5)4], [Rh(1,3-cyclohexadiene)][B(C6H5)4], 
[Rh(1,5-hexadiene)][B(C6H5)4], [Rh(1,5-cyclooctadiene)][B(C5H5)4],
[Rh(1,3,5,7-cyclooctatriene)][B(C6H5)4], [Rh(ethylene)2][B(C6H5)4],
[Rh(P(C6H5)3]2][B(C6H5)4], [lr(1,5-cyclooctadiene)][B(C6H5)4], [Rh(1,5-
hexadiene)][B(C6H5)4]. No structural details were presented on these 
systems, although most of them are expected to have some re-bonding from 
the BPh4~ to the Rh center.
Fernandez and co-workers performed the reaction of Me2PhSiH with 
[(indenyl)Rh(C2H4)], [(COD)RhCI]2, or [(COD)Rh(OMe)2] in the presence of 
benzoyl peroxide to produce the bimetallic complex [(Me2SiC6H5)4Rh2H2].9 
A line drawing of 22 as determined from an X-ray crystal structure is shown 
in Figure 25. The Rh-Rh distance is 4.480(2) A. The average Rh-C bond 
distance of 2.33(3) A in 22 is virtually the same as the 2.34(2) A value seen 
for 17 (the Rh-C bond distance range for 22 is 2.29(2)-2.38(2) A compared 
to 2.26-2.36 A for 17. Bennett et al10 reported the synthesis of several r|6- 
arene coordinated Ru complexes. Average Ru-C distances for the reported 
complexes are 2.228(9) A for [t|6-C6Me6)Ru(S3)]+ (S3 = S(CH=CH2)- 
CH2CH2SCH2CH2S), 23, 2.235(8) A for Ti6-C6Me6)Ru(S2)(SCH=CH2) (S2 =
28
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S(CH=CH2)CH6CH2S)), 24, and 2.224(3) A for a third compound, Ru(ri6- 
C6Me5-CH2CH2CH2SCH2CH2S)(SCH=CH2),25.
Figure 25: Line drawing for [Me2(SiC6H5)4Rh2H2], 22.
Figure 26 shows line drawings for the compounds synthesized by 
Bennett and co-workers.
The average R-C bond distances for 17 were 2.30(2) A, 2.31(2) A 
and 2.32(2) A, for Rh1, Rh3, and Rh4, respectively.The average Rh-C bond 
distances for 17 are longer than those for the Ru complexes 23-25 due to 
the presence of the sulfur atoms that are not as donating relative to the 
phosphine ligands on 17. This, combined with the higher oxidation state on
CH3
Figure 26: Diagrams for compounds 23, 24 and 25.
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2.4 Conclusions
Compound 17 has not been tested for any catalytic reactions since it 
was made by accident and in trace amount. There is no reason to believe 
that it should be particularly good at hydroformylation catalysis. We are not 
sure at this point of how we made 17. However, we think that the synthesis 
of 17 might indicate a possible route to the synthesis of the bimetallic Rh 
double ligand complexes that are discussed in Chapter 3. The synthesis of 
this compound probably occurred from the breaking up or fragmentation of 
our catalyst precursor, [Rh2(nbd)2(rac-et,ph-P4)](BF4)2, by the 
deprotonation agent. The structure synthesized by Dr. Laneman, 11, (Figure 
13, Chapter 1) showed one phenyl ring pointing toward the inside of the 
cavity and almost in bonding distance of one of the axial positions of the 
Rh1 atom.
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Chapter 3 
Bimetallic Rhodium(l) Complexes
3.1 Introduction
Dr. Scott Laneman1 synthesized the first bimetallic two ligand 
complex, [Rh2(rac-et,ph-P4)(meso-et,ph-P4)](CI)2, 11, (Figure 27) by 
accidentally adding 0.5 equivalents (half the normal amount) of Rh2(p.- 
Cl)2(CO)4 to one equivalent of et,ph-P4. Only a few crystals of this complex 
were obtained, but one crystal was good enough for an X-ray structure that 
identified it as a dirhodium complex with two et,ph-P4 ligands, one racemic 
and one meso diastereomer.
C10P
(CM2P)
Figure 27: ORTEP for 11. Ethyl groups, hydrogen atoms, and Cl- 
counteranions have been omitted for clarity.
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One unusual feature of the complex is that one of the phenyl rings of 
the racemic et,ph-P4 ligand (C1P to C6P carbons) is pointing toward the 
inside of the 8-membered bowl-shaped ring that includes the two rhodium 
atoms and the bis(phosphino)methane portion of both rac- and meso-et,ph- 
P4 ligands. The C2P-H portion of the phenyl ring is within van der Waals 
contract to Rh1 via the axial coordination site. This may indicate an agostic 
interaction of this C-H bond with Rh1, but there is no spectroscopic data on 
this compound with which to compare to other agostic and non-agostic Rh 
complexes. The geometry about each Rh center in 11 is distorted square 
planar with part of the distortion towards tetrahedral. There is also a 
moderate amount of disorder in some of the arene carbons as shown by the 
expanded size of some of the thermal ellipsoids.
Since Dr. Laneman accidentally synthesized 11 in very low yields and 
did not obtain any spectroscopic data, one goal of my work was to 
reproduce and characterize this compound by 31P{1H} NMR, elemental 
analysis and X-ray crystallography. Although we were unsuccessful in 
making 11, three new bimetallic double ligand complexes, [Rh2(meso-et,ph- 
P4)2](PF6)2, 26, [Rh2(meso-et,ph-P4)2](CI)2, 26a, [Rh2(rac-et,ph-
P4)2](BF4)2, 28, have been synthesized and characterized by 31P{1H} NMR 
(26a and 28), X-ray crystallography (26, 26a and 28) and elemental 
analyses (26a and 28).
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3.2 Synthesis of [Rh2(meso-et,ph-P4>2](PF6)2, 26.
The reaction of two equivalents of mixed et,ph-P4 ligand with one 
equivalent of Rh2(p.-CI)2(CO)4 in toluene produced a complex mixture of 
products. Two equivalents of AgPFg were then added to remove CT anions 
in order to favor Rh-P bond formation. Close examination under a 
microscope of the sample vial revealed the presence of three types of 
crystals (orange, red-orange and blue). We were not able to isolate the 
small blue crystals, but will discuss their likely composition later.
A single orange crystal was removed and analyzed by X-ray 
diffraction and identified as bimetallic double meso-et,ph-P4 ligand 
coordinated complex [Rh2(meso-et,ph-P4)2](PF6)2, 26. Figure 28 shows the 
general reaction scheme. Only a trace amount of 26 was obtained, which 
was insufficient to perform any characterization studies other than X-ray 
crystallography. We were not able to identify the red-orange or small blue 
crystals from the reaction mixture.
Figure 28: Reaction scheme for [Rh2(meso-et,ph-P4)2](PF6)2, 26.
Selected bond distances and angles for 26 are listed in Table 2, while 
crystallographic data collection parameters along with full bond distances 
and angles are listed in Appendix A. An ORTEP diagram for 26 is shown in
o c —pRh C I^ R h  co 
OC CO
Cl 2 etph-P4
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Figure 29. The structure is similar to that seen for the mixed ligand 
bimetallic complex 11 with two meso-et,ph-P4 ligands chelating and bridging 
the two rhodium centers in a symmetrical fashion. Each rhodium has an 
approximately square-planar coordination geometry with two 5-membered 
bis(phosphino)ethane chelate rings. As with the central rhodium center in 
the trimetallic complex, 17, discussed in Chapter 2, and the mixed ligand 
bimetallic complex 11, the square-planar environment is distorted slightly 
towards tetrahedral, with the two P-Rh-P chelate planes rotated 12.31(2)° 
away from planarity for Rh1 and 17.76(2)° for Rh2.
Table 2: Selected bond distances (A) and angles (°) for 
[Rh2(meso-et,ph-P4)2](PF6)2, 26.
Rh-Rh 4.771 (2) P1-RM-P2 85.5(5)
Rh1-P1 2.266(5) P5-RM-P6 81.7(4)
Rh1-P2 2.314(6) P1-RM-P6 170.3(5)
Rh1-P5 2.276(5) P2-RM-P5 172.9(5)
Rh1-P6 2.328(5) P1-RM-P5 95.9(4)
Rh2-P3 2.271(5) P2-RM-P6 98.1(5)
Rh2-P4 2.315(5) P3-Rh2-P4 82.8(4)
Rh2-P7 2.276(5) P7-Rh2-P8 84.9(4)
Rh2-P8 2.320(6) P3-Rh2-P8 170.2(5)
P1-C’ 1.64(6) P4-Rh2-P7 166.6(4)
P3-C’ 2.00(5) P3-Rh2-P7 97.2(4)
P5-C” 1.92(5) P4-Rh2-P8 97.4(4)
P7-C" 1.86(5) P1-C’-P3 121.2(29)
P5-C”-P7 117.3(29)
Numbers in parentheses are estimated standard deviations in 
the least significant digits.
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Figure 29: ORTEP diagram for [Rh2(meso-et,ph-P4)2](PF6)2, 26. 
Ethyl groups, hydrogen atoms, and PF6~ counteranions have been 
omitted for clarity.
Both Rh atoms are out of the plane with deviations of -0.948(3) and 
0.032(2) A for Rh1 and Rh2, respectively. The phosphines attached to Rh2 
are out of the Rh-P4 plane with deviations of -0.242(3), -0.242(3) A, 0.222(3) 
and 0.230(3) A (P3, P4, P7 and P8, respectively). The phosphorus atoms 
that are attached to Rh1 show greater distortions with deviations of - 
0.748(4), 0.659(5), 1.461(4) and -0.4245(43) A, for P1, P2, P5 and P6, 
respectively). The dihedral angle between the two Rh-P4 planes is 
81.89°(2). P-Rh-P chelate bite angles for this complex average 83.7° and 
show a larger range of values relative to the trimetallic complex 17: 81.7(4)° 
to 85.5(5)°. This is presumably caused by the greater steric strain of having 
two /77eso-et,ph-P4 ligands chelating and bridging the two rhodium centers,
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as opposed to the more flexible and less hindered structure for the tri­
rhodium complex 17.
The distance between the rhodium atoms for 26 is 4.771(2) A, which 
is 0.135(2) A shorter than the mixed ligand dirhodium complex 11. This is 
as expected due to the placement of one rac-et,ph-P4 ligand phenyl ring 
between the two rhodium centers in 11. All four phenyl rings in the meso- 
meso bimetallic complex 26 are pointed away from the two rhodium centers.
The P-C-P bond angles of the methylene bridges for 26 are 117(3)° 
for P5-C”-P7 and 121(3)° for P1-C’-P3, which are intermediate with respect 
to the P-C-P values seen for [Ni2CI4(rac-et,ph-P4)] (121.7°), [Ni2CI4(meso- 
et,ph-P4)] (119.3°), and [Rh2CI2(CO)2(rac-et,ph-P4)] (113°) synthesized by 
Laneman.1 We have observed that the central P-C-P 
bis(phosphino)methane angle is quite flexible and can adjust to the overall 
structural preferences adopted by the complex in question. No 
spectroscopic data was obtained for [Rh2(meso-et,ph-P4)2](PF6)2 due to 
very low yield and subsequent unsuccessful attempts to re-make it.
3.3 Synthesis of Blue [Rh2(meso-et,ph-P4)2]4+, 27, (?)
The Stanley group has made numerous Rh(l) and Rh(lll) et,ph-P4 
complexes and the colors of these have consistently ranged from yellow to 
orange to red. We had never seen a blue Rh-et,ph-P4 compound before in 
our lab, so the small blue crystals that eventually formed as a result of the 
addition of two equivalents of AgPF6 to the mixture resulting from the
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reaction of two equivalents of mixed et,ph-P4 ligand with one equivalent of 
Rh2((J.-CI)2(CO)4 were quite surprising. Prof. Stanley has proposed that this 
indicates the formation of the oxidized Rh(ll)-Rh(ll) metal-metal bonded 
complex [Rh2(meso-et,ph-P4)2]4+, 27, since the Ag+ used in the reaction as 
a chloride scavenger is also REDOX active and capable of oxidizing Rh(l) to 
Rh(ll).
Numerous examples of Rh(ll)-Rh(ll) compounds are known and there 
are excellent reviews on these.2 Most of the bimetallic Rh(ll) complexes 
have the basic composition of Rh2X4L2 or Rh2X2A2Lx (X = 
bridging ligand system, A = bidentate bridging ligand, L = typically a neutral 
ligand, x =  2-4) (Figure 30).
Figure 30: Typical Rh(ll)-Rh(ll) bonded systems. X--X indicates 
monoanionic chelating ligands (e.g., acetate), while A--A indicates 
neutral bis(phosphino)methane ligands like dppm. L = typically 
neutral donor ligands.
The dirhodium tetracarboxylates, Rh2(02CR)4L2, make up the largest 
class of these compounds. The axial ligands are usually neutral and weakly 
coordinated (e.g., pyridine, diethylamine, CO, PPh3, P(OPh)3 and N=CR).
D4h-type
Structure
Edge-sharing
Bioctahedron
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The second class of edge-sharing bioctahedral structures represented by 
the general formula, Rh2X2A2L2, are quite rare. Several examples of 
dinuclear Rh(ll) A-frame complexes that have partial edge-sharing 
bioctahedral M2L8 and M2Lg cores are known: [Rh2(p-CO)(p-CI)Cl2-
(dppm)2(MeOH)]+, [Rh2(p-CO)(p-CI)CI2(dppm)2]+,3 and Rh2CI3(p-H)(n- 
CO)(dppm)2.4 Of course, our proposed bimetallic hydride-containing 
catalyst discussed in the introduction has this general type of structure:
[Rh2H2(n-CO)2(CO)2(/ac-et,ph-P4)]2+, 6.
The relatively close contact (4.771(2) A, but still non-bonding) of the 
two Rh atoms in [Rh2(meso-et,ph-P4)2]2'K, 26, indicated the possibility that if 
Ag+ oxidized the Rh(l) centers to d7 Rh(ll) centers, they might form a Rh-Rh 
bond. Prof. Stanley investigated this possibility by performing molecular 
modeling studies on 26 and the hypothetical Rh-Rh bonded Rh(ll) 
tetracationic complex [Rh2(rT7eso-et,ph-P4)2]4+, 27. The results of the 
molecular modeling studies are shown in Figures 31 and 32.
Figure 31 shows stick figures (Et groups and all H’s omitted for clarity) 
of 26 and the blue oxidized Rh-Rh bonded complex 27, while Figure 32 
shows space filling models (Et groups and all H’s omitted for clarity). The 
modeling study indicates that there is no significant steric barrier to the 
formation of a Rh-Rh bond upon oxidation of the Rh(l)-Rh(l) complex 26 to 
form the tetracationic metal-metal bonded complex 27.
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Figure 31: Stick figure diagrams for [Rh2(mesoet,ph-P4)2]2+, 26,
(left) and the proposed Rh-Rh bonded tetracationic complex 
[Rh2(meso-et,ph-P4)2]4+, 27, (right). Ethyl groups and hydrogen 
atoms on the et,ph-P4 ligand are omitted for clarity.
Figure 32: Space-filling model [Rh2(meso-et,ph-P4)2]2+, 26, (left) and 
the proposed Rh-Rh bonded tetracationic complex [Rh2(meso-et,ph- 
P4)2]4+, 27, (right). Ethyl groups and hydrogen atoms on the et,ph-P4 
ligand are omitted for clarity.
Prof. Stanley used a somewhat long Rh-Rh bond of 2.7 A and a 
strong Rh-Rh force constant (600 Kcals/A2) to model the oxidized complex
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27. There was an increase in the steric repulsion energy, however, on 
forming the Rh-Rh bonded complex. This supports the idea that the Rh-Rh 
bond cannot get very short or strong. This would, in turn, lead to weaker 
Rh-Rh bonding and a possible lowering of the Rh-Rh HOMO-LUMO gap to 
give the observed blue color.
The other possible Ag+ induced oxidation reaction could involve the 
Rh(lll) monometallic complex, [RhCI2(rac-et,ph-P4)]+ (next chapter) or the 
other bimetallic double ligand complexes produced, [Rh2(meso-et,ph- 
P4)(rac-et,ph-P4)]2+ and [Rh2(rac-et,ph-P4)2]2+ (next section). These are 
all, however, unlikely candidates for oxidation. Rh(lll) is already a quite 
stable oxidation state and oxidation to Rh(IV) would be expected to be quite 
difficult. As the chemistry in the next chapter describes, [RhCI2(rac-et,ph- 
P4)]+ has been reacted with Ag+ in attempts to pull off one of the chloride 
ligands and there has been no formation of blue colored compounds. The 
oxidation of the rac.rac- and rac.meso-double ligand bimetallic complexes 
are also highly unlikely to form Rh-Rh bonded complexes due to the 
interference of the phenyl rings from the rac-et,ph-P4 ligands that sterically 
block any M-M bond formation.
The unavailability of pure meso-et,ph-P4 ligand during parts of my 
research and very low yields of the reaction when using mixed rac.meso- 
et,ph-P4 ligand limited our ability to prepare enough 26 for spectroscopic 
characterization and additional oxidation studies with Ag+ to prepare more of 
the blue compound. However, we believe that it is likely that the blue
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compound does represent the modeled Rh(ll) dinuclear complex, 27, with a 
Rh-Rh bond. The facile REDOX activated formation and breaking of a Rh- 
Rh bond in this meso.meso-dinuclear complex is unusual enough to merit 
further study.
3.4 [Rh2(/nesoet,ph-P4)2](CI)2 • 1.5Me0H/H20 ,  26a.
The third of these novel bimetallic Rh double ligand complexes was 
synthesized by reacting Rh2Cl2(CO)4 with mixed ligand (rac,meso-et,ph-P4) 
in THF at -439C. The reaction scheme for 26a is shown in Figure 33.
OC R h — C > R h ^ c o  2 Et , Pv  / ^ ~ \  ^ P E t j
O C ' CO -43°C, THF .R h ^  R h >.
/ v ^ PE' 2
Figure 33: Reaction scheme for [Rh2(f77eso-et,ph-P4)2](CI)2, 26a.
Orange-yellow crystals, identified by X-ray diffraction as [Rh2(meso- 
et,ph-P4)2](CI)2*1.5Me0H/H20 ,  26a., were obtained from the filtrate of this
reaction upon slow evaporation from a THF/MeOH mixture. The ORTEP 
diagram for 26a is shown in Figure 34. Selected bond distances and angles 
are listed in Table 3, while crystallographic data and collection parameters 
are listed in Appendix A. The structure features two Rh atoms and two 
symmetrically coordinated meso-et,ph-P4 ligands with non-coordinating 
chloride counter anions and MeOH/H20  solvates. There is also some 
disorder in the molecule at the solvent positions (H20  and CH3OH), with site
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occupancy values of 0.5 each for atoms C34A, 34B, OIS, 02S, C1S, C2S, 
O IW  and 02W .
C14P
C13P
C20P
Figure 34: ORTEP diagram for [Rh2(meso-et,ph-P4)2](CI)2, 26a. 
Ethyl groups, hydrogen atoms, and Cl-  countanions have been 
omitted for clarity.
Table 3: Selected bond distances (A) and angles (°) for 
[Rh2(meso-et,ph-P4)2](CI)2, 26a.
Rh-Rh 4.630(2) P1-Rh1-P2 82.5(2)
Rh1 -P1 2.270(6) P5-Rh1-P6 84.6(2)
Rh1 -P2 2.316(5) P1-Rh1-P6 172.1(3)
Rh1-P5 2.272(5) P2-Rh1-P5 167.8(3)
Rh1-P6 2.303(7) P1-Rh1-P5 98.0(2)
Rh2-P3 2.272(6) P2-Rh1-P6 96.6(2)
Rh2-P4 2.311(7) P3-Rh2-P4 84.9(2)
Rh2-P7 2.284(7) P7-Rh2-P8 81.6(2)
Rh2-P8 2.315(6) P4-Rh2-P7 174.8(3)
P1-C' 1.82(2) P3-Rh2-P8 174.2(3)
P3-C’ 1.86(1) P4-Rh2-P8 96.3(2)
(table cont’d.)
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P5-C" 1.90(3) P3-Rh2-P7 97.6(2)
P7-C” 1.83(1) P5-C-P7 119.2(8)
P1-C-P3 115(1)
Numbers in parentheses are estimated standard deviations in the least 
significant digits.
This structure is generally quite similar to that seen for the PF6~ salt, 
26. The Rh - Rh distance is 4.630(2) A with no metal-metal bond. As with 
17 and 26, the square-planar environment is distorted slightly towards 
tetrahedral, with the two P-Rh-P chelate planes rotated 15.45(2)° away from 
planarity for Rh1 and 8.25(5)° for Rh2. The dihedral angle between the two 
Rh-P4 planes is 53.72(3)°. A comparison of all three dirhodium double-P4 
ligand structures will be presented later in this chapter. An analysis of this 
complex by 31P{1H} NMR (Figure 35) shows a very complex second-order 
splitting pattern.
31P {1H} NMR
u c ;
'" I I  I |" " " - r  I I  |  I* "1 1 1 1 1"" '
58 56 54 52 50 48 46
Figure 35: 31P{1H} for [Rh2(meso-et,ph-P4)2](CI)2, 26a.
All of the major phosphine peaks are located between 48 and 55 ppm 
(quartet of triplets). Coupling constants were not calculated due to the 
complexity of the spectrum.
44
|2 +
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.5 Synthesis of [Rh2(raoet,ph-P4)2](BF4)2, 28.
This compound is the third of the dimeric double ligand complexes 
successfully synthesized in our laboratory. This compound was synthesized 
by NSF REU undergraduate student Brent Nelson (from Mesa State 
College, Colorado) under my direction during the summer of 1998. We 
synthesized this bimetallic complex by adding one equivalent of rac-et,ph-P4 
to one equivalent of [Rh(nbd)2]BF4-5 Figure 36 shows the reaction scheme 
for this synthesis.
Figure 36: Reaction scheme for [Rh2(rac-et,ph-P4)2](BF4)2, 28.
The structure features two rhodium atoms symmetrically coordinated 
by two rac-et,ph-P4 ligands. The ORTEP plot of 28 is shown in Figure 37, 
while selected bond distances and angles are listed in Table 4 (crystal 
parameters and collection data are located in Appendix A). The general 
features of the structure parallel those of the rac-meso, 11, and meso-meso 
(26, 26a) complexes previously discussed. The main difference between 
the three structures concerns the orientation of the et,ph-P4 phenyl groups. 
One phenyl ring for 11 and 28 points toward the center of the 8-membered, 
bowl-shaped ring, while the phenyl groups on 26 and 26a are all pointing 
away from the ring.
2 rac-et,ph-P4
--------------- ► Rh Rh'
/  V
Et2p\ _ y
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— C32
C31
P4
C7P C8P
C12 P3 Rh2C11 P8
P2 C20P.C1P C2P P7
P6 C19P
C"
C14P
C13P
Figure 37: ORTEP diagram for [Rh2(rac-et,ph-P4)2](BF4)2, 28. Et 
groups, hydrogens, and BF4~ counteranions have been omitted.
Table 4: Selected bond distances (A) and angles (°) for 
[Rh2(rac-et,ph-P4)2](BF4)2, 28.
Rh - Rh 5.455(1) P1-Rh1-P2 85.15(6)
Rh1-P1 2.330(1) P5-Rh1-P6 83.23(5)
Rh1-P2 2.304(1) P1-RM-P6 166.03(5)
Rh1-P5 2.267(1) P2-Rh1-P5 166.87(5)
Rh1-P6 2.248(1) P1-Rh1-P5 98.06(5)
Rh2-P3 2.300(1) P2-Rh1-P6 96.74(6)
Rh2-P4 2.317(1) P3-Rh2-P4 83.50(5)
Rh2-P7 2.302(1) P7-Rh2-P8 82.66(5)
Rh2-P8 2.298(2) P3-Rh2-P8 163.56(5)
P1-C’ 1.838(5) P4-Rh2-P7 163.28(5)
P3-C’ 1.845(5) P3-Rh2-P7 106.31(5)
P5-C” 1.857(5) P4-Rh2-P8 91.36((5)
P7-C” 1.840(5) P1-C’-P3 124.1(3)
P5-C”-P7 124.9(3)
Numbers in parentheses are estimated standard deviations in the least 
significant digits.
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In the meso-meso bimetallic complex all four phenyl rings are 
oriented away from the Rh side of the structure. This allows the Rh centers 
to approach to within 4.70 A (average) of one another and this facilitates the 
formation of a Rh-Rh bond on oxidation by Ag+ to form the proposed Rh(ll) 
oxidation state complex [Rh2(meso-et,ph-P4)2]4+, 27. In the rac-meso 
dirhodium structure by Laneman, one of the phenyl rings from the rac-et,ph- 
P4 ligand is directed towards the “inside” where the rhodium atoms are 
located. This opens up the structure a little giving a Rh-Rh separation of 
4.91 A. In the rac-rac structure, 28, there are two phenyl rings pointing into 
the “inside” portion of the complex and this has a substantial steric impact, 
opening up the Rh-Rh distance to 5.45 A.
The geometry about the rhodium atoms in 28 is square planar with a 
very slight tetrahedral distortion. Least-squares planes calculated for the 
Rh-P4 planes using SHELXL6 showed that the rhodium atoms are 
essentially in the plane with deviations of 0.0014(6) and -0.0069(6) A, for 
Rh1 and Rh2, respectively. P1 and P6 on Rh1 are out of plane with 
deviations of 0.2702(7) and 0.2686(7) A, respectively. P2 and P4, also 
attached to Rh1 are below the plane at deviations of -0.2626(7) and - 
0.2694(7) A. Similar results were obtained for the phosphorus atoms 
attached to Rh2. P5 and P7 had deviations of 0.2801(7) and 0.3104(8) A, 
while P3 and P8 were below the plane with deviations of -0.2749(7) and - 
0.3169(8) A. As with 17, 26, and 26a, the square-planar environment is 
distorted slightly towards tetrahedral, with the two P-Rh-P chelate planes
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rotated 20.19(1)° away from planarity for Rh1 and 22.28(1)° for Rh2. The 
dihedral angle between the two Rh-P4 planes 66.28(5)°. The slightly larger 
distortions with respect to the meso-meso dirhodium structures probably 
result from the more openly splayed structure of the rac-rac Rh2 complex 
that minimizes intra-ligand steric repulsions. The Rh-P bond distances of 
28, which ranged from 2.248(1) to 2.330(1) A, compare favorably to those in 
other five-membered Rh-P2 chelate ring complexes.7
The 31P{1H} NMR spectrum of rac-rac 28 is quite complex and is 
shown in Figure 38 along with the spectrum for the meso-meso complex 
[Rh2(/77eso-etIph-P4)2]2+I 26a. Two doublets of doublets (dd) were 
observed at 46 and 47 ppm and doublets of triplets at 49 and 50 ppm, all 
presumed to arise from the internal phosphines. Major resonances were 
also observed at 53 ppm (dt), 55 ppm (dt), 56 ppm (d) and 57 ppm (singlet). 
These downfield signals most likely arise from the external phosphines. The 
overall pattern is probably second-order in nature and we have not yet 
attempted to simulate the spectrum in order to determine the chemical shifts 
and coupling constants.
The comparison of the rac-rac 31P{1H} NMR with that of the 
meso.meso in Figure 38 shows that the meso-meso complex has a simpler, 
higher symmetry pattern. We believe that this correlates with the higher 
symmetry of the meso-meso complex both in solution and in the solid state.
Minor resonances (doublets of triplets) were also observed at 10 and 
11 ppm and are presumed to represent the monometallic dichloride
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complexes, which are discussed in Chapter 4. DCM was used as a solvent 
in this reaction. Yield for this product is low at 15-20%.
3.6 Structural Comparisons of rac-meso, meso-meso, and rac-rac- 
[Rh2(et,ph-P4)2l2+
Table 5 shows a listing of selected bond distances and angles for 26, 
26a, 11, and 28. A comparison of the Rh-P bond distances showed very 
little difference with average values of 2.296(5), 2.292(6), 2.287(1), and 
2.290(4) A, for 26, 26a, 28, and 11, respectively. The P-Rh-P chelate bond 
angles were also quite similar for the four structures, with an overall average 
of 83.5°. The P-C-P central methylene bridge angles are 119.3(3), 117(4), 
124.5(3) and 118.4(7)°, for 26, 26a, 28, and 11, respectively. The largest P- 
C-P angles are seen for 28 and these are probably due to the presence of 
the two rac-et,ph-P4 ligands. As discussed earlier, one phenyl ring from 
each et,ph-P4 ligand is directed towards the “inside” of the structure. This 
causes the rac-rac structure to splay open the most and this is clearly 
reflected in the Rh-Rh separation and the P-C-P methylene bridge angles on 
the et,ph-P4 ligands. The P-C bonds of the central methylene bridge 
averaged 1.85 A for each of the four structures. But there appears to be a 
disorder of some sort involving the C’ carbon in the P1-C’-P3 methylene 
bridge in the meso.meso structure, 26. The P1-C’ distance is a rather short 
1.64(6) A while the P3-C’ distance is a quite long 2.00(5) A. These are 
approximately 0.2 A away from the 1.85 A average seen for the other
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structures. Figure 39 contains the ORTEP diagrams for all four structures, 
for easier comparison.
31P{1H} NMR
B) [Rh2(/neso-et,ph-P4)2]2+ E'jf'x \2'E,y-RlO
(  I V p' I  )U p  \ / p—/
Ph Ph
■I I i i I r  ....■■,...... I...... I......!'■■■
58 56 54 52 50 48 46
A) [Rh2(rac-et,ph-P4)2]2+ E,I" \  /  Ph \
Rh^ Ph,
Ef2P0 ^  V^PEt;
,Rh
58 5456 50 48 4652
ppm
Figure 38: 31P{1H} NMR for a) [Rh2(rac-et,ph-P4)2](BF4)2l 28, and b) 
[Rh2(mesoet,ph-P4)2](CI)2, 26a.
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Table 5: Comparison of selected bond distances and angles
for [Rh2(meso-et,ph-P4)2]2+ (26, 26a), [Rh2(rac-et,ph-P4)(mesoet,ph-
P4)]2+ (11), and [Rh2(rac-et,ph-P4)2]2+ (28).
26 26a 11 28
Rh-Rh 4.771(2) 4.630(2) 4.906(2) 5.455(1)
Rh1-P1 2.266(5) 2.270(6) 2.278(4) 2.248(1)
Rh1-P2 2.314(6) 2.316(5) 2.318(4) 2.304(1)
Rh1-P5 2.276(5) 2.272(5) 2.254(3) 2.267(1)
Rh1-P6 2.328(5) 2.303(7) 2.319(4) 2.330(1)
Rh2-P3 2.271(5) 2.272(6) 2.275(4) 2.300(1)
Rh2-P4 2.315(5) 2.311(7) 2.321(4) 2.317(1)
Rh2-P7 2.276(5) 2.284(7) 2.277(4) 2.302(1)
Rh2-P8 2.320(6) 2.315(6) 2.282(4) 2.298(2)
P1-C’ 1.64(6) 1.82(2) 1.86(1) 1.838(5)
P3-C’ 2.00(5) 1.86(1) 1.88(1) 1.845(5)
P5-C” 1.92(5) 1.90(3) 1.87(1) 1.857(5)
P7-C” 1.86(5) 1.83(1) 1.82(1) 1.840(5)
P1-Rh1-P2 85.5(5) 82.5(2) 84.8(1) 85.15(6)
P5-Rh1-P6 81.7(4) 84.6(2) 82.3(1) 83.23(5)
P1-Rh1-P6 170.3(5) 172.1(3) 173.0(1) 166.03(5)
P2-Rh1-P5 172.9(5) 167.8(3) 164.9(1) 166.87(5)
P1-Rh1-P5 95.9(4) 98.0(2) 95.8(1) 98.06(5)
P2-Rh1-P6 98.1(5) 96.6(2) 98.8(2) 96.74(6)
P3-Rh2-P4 82.8(4) 84.9(2) 81.9(1) 83.50(5)
P7-Rh2-P8 84.9(4) 81.6(2) 83.8(1) 82.66(5)
P3-Rh2-P8 170.2(5) 174.2(3) 174.5(2) 163.56(5)
P4-Rh2-P7 166.6(4) 174.8(3) 158.5(2) 163.28(5)
P3-Rh2-P7 97.2(4) 97.6(2) 99.1(1) 106.31(5)
P4-Rh2-P8 97.4(4) 96.3(2) 97.1(1) 91.36((5)
P1-C-P3 121.2(29) 115(1) 116.7(7) 124.1(3)
P5-C”-P7 117.3(29) 119.2(8) 120.2(6) 124.9(3)
Numbers in parentheses are estimated standard deviations in the least 
significant digits.
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Figure 39: Comparison of ORTEPs for 26 (top left), 26a (top right), 11 
(bottom left) and 28 (bottom right).
An interesting aspect of the structure on the rac-rac bimetallic system 
is that it can exist in two different diastereomeric forms: the R,R- and S,S- 
et,ph-P4 (RR-SS) diastereomer, and the enantiomeric R,R- and f?,ft-et,ph- 
P4 (RR-RR), and S,S- and S,S-et,ph-P4 (SS-SS) ligand combinations. 
These are shown schematically in Figure 40. The crystallographically 
characterized structure for 28 represents the dirhodium R,R- and S,S-et,ph- 
P4 (RR-SS) diastereomer. Given the limited 31P NMR data on this reaction,
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it is difficult to say whether both complexes formed and only a crystal of 28 
was picked out for structural determination, or only 28 formed and 
crystallized out. We have not performed molecular modeling to compare 
these two possible structures, but it seems likely that both could form and 
this may be adding to the complexity of the 31P NMR spectra that we have 
collected.
fSrSH$,SJ combination
Figure 40: Line drawings of the two possible diastereomers formed 
by combining two racemic-et,ph-P4 ligands about the two rhodium 
centers.
If anything, one might expect that the enantiomeric R,R- and R,R- 
et,ph-P4 (RR-RR), and S,S- and S,S-et,ph-P4 (SS-SS) ligand combination 
would be the sterically least hindered. The two inward facing phenyl rings in 
the RR-SS ligand combination are on the same end of the complex and 
force the bimetallic complex to be splayed open considerably more than 
what one might qualitatively expect for the RR-RR and SS-SS combination 
seen in 28.
A further comparison of M-P distances of 28 to similar compounds 
shows these bonds are 0.20 A shorter than other Rh-P distances previously
[rac,rac-Rh2(et,ph-P4)2]2+ 
(R,R)-(R,R) combination
[rac,rac-Rh2(et,ph-P4)2]2+ 
(R,R)-(S,S) combination
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reported in the Cambridge Structural Database,7e but 0.14 A longer than 
previously reported Ni-P bonds reported by Laneman et al.8 This is 
consistent with the expected stronger Rh-P bonding due to the alkylated 
et,ph-P4 phosphines combined with localized cationic charges on the Rh 
centers. The smaller size of Ni atoms, on the other hand, should lead to 
shorter Ni-P bonds in these complexes. The P-M-P angle between the two 
R-P4 planes, 66.28(5)°, is larger than those previously reported by other 
researchers.7c-d
3.7 Attempted synthesis of [Rh2(rac-et,ph-P4)(meso-et,ph-P4)]2+
Attempts to prepare the dirhodium rac,meso-et,ph-P4 complex (11) 
that Dr. Laneman made were unsuccessful, for reasons unknown. This 
reaction was attempted several times with mixed ligand and our catalyst 
precursor plus meso-et,ph-P4. Unsuccessful attempts to synthesize two 
different metal carbenes were also made.
3.8 Other Structural Comparisons
We can compare 26, 26a and 28, all bimetallic compounds with two 
bis(phosphino)ethane chelating phosphine ligands, to other metal 
complexes that contain bidentate phosphorus ligands. Monometallic 
rhodium complexes with two bidentate phosphorus ligands, bis[(2S,3S)- 
bis(phenylphosphino)butane] or chiraphos, 29, one of which is shown in 
Figure 41, were reported by Young et al9 for the asymmetric catalytic 
carbonylation of racemic aldehydes. The Rh-P bond lengths averaged
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2.300(2) A for 31, which is essentially equal to the values for our double 
ligand complexes, which averaged 2.296(5), 2.288(1), and 2.293(6) A, for 
26, 26a, and 28.
Figure 41: Line drawing for [Rh(chiraphos)2]CI, 29.
Kakkar et al10 reported the synthesis and structure of [Rh2(dmpe)4(p- 
dmpe)]2+, 30, (dmpe = Me2PCH2CH2PMe2), with two indenyl anions (r|- 
C9H7), Figure 42.
Figure 42: Line drawing for [Rh2(dmpe)4(p-dmpe)]2+, 30.
While they were investigating the indenyl ring slippage ( t |5 - t i3 ) in 
complexes of the type [(r|-C9H7)RhL2], they observed that all of the 7r-bound 
ligands were displaced when [(ti-C9H7)Rh(Ti-C2H4)2] was treated with dmpe. 
The resultant salt, [Rh(dmpe)2]+[C9H7]-, contained no close contacts 
between the cation and anion, which indicated the synthesis of the “naked”
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indenyl anion. Further curiosity led them to react [(n-CgHyJRhOi^H^] 
with with dmpe to compare the rates of displacement in two other 
compounds, [Oi-CgHyJRfKri^H^] and [(tl-C s^ JR h fri^ H ^ ]. Crystals 
of 30 were obtained from the reaction of [OrCsHsJRhKri^H^] with an 
excess of dmpe in THF. This bimetallic complex contains four 5-membered 
chelate rings just like those made in our lab (11, 26, 26a, and 28), however 
32 has a bridging dmpe ligand while our complexes have two methylene 
bridges. The Rh-P bond distances for the 5-membered chelate ring of 32, 
ranged from 2.2891(8) to 2.3084(7) A, while the Rh-P distance for the 
bridging dmpe ligand is 2.4100(7) A. These values are basically similar to 
the values obtained for our bimetallic double ligand complexes.
The P-Rh-P bond angles for 30 ranged from 80.79(2) to 93.56(2)° 
with an average of 87.5(2)° for the four angles about the metal centers. The 
average value for 32 is about 3° smaller than those in our double ligand 
complexes. This difference is mostly caused by the presence of the central 
methylene bridges in our ligand that causes the structure to open up, 
thereby putting more strain on the phosphorus atoms around the metal 
centers. 31P{1H} NMR data for 30 showed a doublet at 36.65 ppm (Jnh-p =
120.6 Hz) for the chelate rings and a singlet at -39.67 ppm for the bridging 
dmpe ligand. The NMR data for 30 shows a much simpler spectra with less 
coupling than that for 26a and 28, since the latter two are more complex 
molecules.
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Brunet and coworkers11 prepared two bimetallic complexes with two 
different ligand systems, of which only one, [{(PEt3)2RhCI}2(n-CI)2(n-CH2)], 
31, is shown in Figure 43.
CU'
\ .  pe ,
C K  C H " ^ ^ - R h l '  i»> C l2
EI;P N N s-C I1 " ^ ^  ^ P E t ,
Figure 43: Line drawing for, [{(PEt3)2RhCI}2(n-CI)2(n-CH2)], 31.
Although 31 has bridging and terminal chloride ligands, we can use it 
to compare our bimetallic structures to. The geometry about each Rh atom 
is octahedral. The Rh-P bond distances ranged from 2.2605(4) to 2.2851(4) 
A and averaged 2.275(4) A. The average values are very close to those of 
our double ligand complexes, which had averages of 2.295(5), 2.280(1) and 
2.290(6) A for 26, 26a, and 28, respectively. The P-Rh-P bond angle for 32 
was 95.5(2)° versus approximately 91° for 26, 26a, and 28. Table 6 
contains a comparison of bond lengths and angles for compounds 26, 26a, 
28, and 29-31.
Table 6: Comparison of Rh-P and P-Rh-P values from the literature to the 
double ligand complexes discussed in Chapter 3.
Compound Rh-P P-Rh-P Ref.#
11 2.291(4) 90.5(1) 1
26 2.296(5) 90.4(4)
26a 2.288(1) 90.8(6)
28 2.293(6) 90.2(2)
(table cont’d.)
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29
30
31
2.300(2)
2.280(8)
2.298(8)
90.1(8)
84.5(4)
95.1(2)
9
10
11
3.9 Conclusions
The double ligand dirhodium complexes 26, 26a (meso-meso), and 
28 (rac-rac) were obtained from our exploratory efforts. The original rac- 
meso Rh2 complex prepared by Laneman was not, however, isolated. The 
initial goal of this research was to repeat experiments conducted by previous 
group members (Laneman and Peng) to obtain spectroscopic and elemental 
data. Spectroscopic data, 31P{1H} NMR, and elemental analyses were 
completed for the rac-rac-complex only. Partial 31P NMR data was obtained 
for the meso-meso complex. Unsuccessful attempts have also been made 
to synthesize two carbene complexes (single and double deprotonation of 
the methylene bridge).
The most important aspect of this work was the structural and 
31P{1H} NMR characterization of the [Rh2(rac-et,ph-P4)2]2+ complex. This 
was one of the possible complexes that Or. Matthews and Prof. Stanley 
were proposing as a side-product in the in situ catalytic hydroformylation 
studies on [Rh2(CO)4(rac-et,ph-P4)]2+. The 31P{1H} NMR of [Rh2(rac-et,ph- 
P4)2]2+, however, has a rather complex 2nd order spectrum that was not 
observed in the catalytic mixture. Until we obtained the 31P{1H} NMR on 
[Rh2(rac-et,ph-P4)2]2+, Prof. Stanley believed that this bimetallic double-
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ligand complex was the most likely candidate as one of the major side 
products/reactions in the bimetallic hydroformylation cycle.
The [Rh2(meso-et,ph-P4)2]2+ complex, 26, is most certainly worthy of 
further study due to the possible REDOX driven Rh-Rh bond 
forming/breaking reactions between the Rh(l)-Rh(l) and proposed Rh(ll)- 
Rh(ll) complexes. Additional work on the [Rh2(meso-et,ph-P4)2]2+, 26, 
complex is also needed to provide full spectroscopic characterization. Dr. 
Stanley believes that a relationship might exist between the synthesis of 18 
and the double ligand complexes 26, 26a, and 28, since 18 contains three 
Rh atoms and two rac-et,ph-P4 ligands. However, there is no clear way for 
me to explain this possible connection other than that the reaction 
proceeded beyond the anticipated product which was the doubly de- 
protonated carbene structure, 15. It is possible that LDA is too strong a 
nucleophile and it might attack one of the Rh-norbomadiene centers 
cleaving it from the et,ph-P4 ligand. This could then lead to the Rh3 
complex. Additional research is clearly needed to sort out this and other 
questions that we have about these systems.
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Chapter 4 
Monometallic Rhodium(lll) Complexes
4.1 Introduction
The syntheses of the dirhodium double-P4 ligand complexes 
presented in the last chapter proved to be quite a bit more difficult than we 
anticipated. Our best isolated yield, for example, was only 20% for the 
[Rh2(rac-et,ph-P4)2]2+ complex. The 31P{1H} NMR spectra of the reaction 
solutions clearly indicated the regular presence of a simple set of 31P 
resonances (dt) at 56 and 9 ppm that clearly stood out from the complex 
second order resonances for the dirhodium double-P4 ligand complexes. 
This indicated a symmetrical rhodium et,ph-P4 complex that quite 
surprisingly turned out to be the monometallic cationic Rh(lll) complex: 
[RhCI2(rac-et,ph-P4)]+, 32.
Our group has characterized several monometallic Ni-et,ph-P4 
complexes:1 (meso-Ni(NCS)(r|3-et,ph-P4)+, frans,rac-Ni(CN)2 (ri2-5-et,ph- 
P4), [rac-Ni(NCS)(r|3-et,ph-P3tPjnt=S)]+, and [rac-Ni(NCS)(ri3-et,ph- 
P3,Pjnt=0)]+. All of these had q3- or lower P4 coordination numbers 
leading us to mistakenly believe that the ri4-et,ph-P4 coordination mode 
was not favored. The stronger Rh-P bonds, however, help drive the 
coordination of the P4 ligand up to r)4.
This chapter will describe the unusual reaction with halogenated 
hydrocarbons like CH2CI2 that lead to the formation of this monometallic
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rhodium product. Crystal structures of four different solvated forms of 32 
have been solved (in conjunction with Dr. Frank Fronczek) and will be 
presented with comparisons to similar compounds from the literature. 
Finally, the possible mechanism of how this monometallic complex is 
formed along with a very unusual and potentially significant metal-assisted 
isomerization of meso- to rac-et,ph-P4 ligand will be discussed.
4.2 Synthesis off [RhCI2(rac«t,ph-P4)]+ 32a.
[RhCI2(rac-et,ph-P4)](BF4)«toluene, 32a, resulted from an attempt 
to react two equivalents of our mixed-et,ph-P4 with Rh2CI2(CO)4.2 The 
goal was to synthesize a complex with two rhodium atoms and two 
equivalents of mixed ligand (rac,meso-et,ph-P4). Silver tetrafluoroborate 
was added to exchange the chloride ions with tetrafluoroborate ions. The 
reaction scheme for this synthesis is shown in Figure 44. Orange-red 
crystals were observed after -30 days of standing in the glovebox and 
identified by X-ray crystallography as 32a.
i +1) r«c,/neso-et,ph-P4 ph— _ \ Cl
OC—p-Rh Cl - R h ' C O  ^  — R h
oc co \ p ^  I
2>AgBF4 | U l
V s ^ P E t 2
Figure 44: Synthesis of [RhCI2(rac-et,ph-P4)](BF4)*toluene, 32a.
The methanol solvated [RhCI2(rac-et,ph-P4)]+ complex, 32b, 
resulted from the attempted synthesis of [Rh2(meso-et,ph-P4)2]2+. Two
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equivalents of ligand (/7?eso-et,ph-P4) were added to a toluene solution of 
[Rh(nbd)2]BF4 and refluxed at approximately 80°C for several hours. A 
few crystals were eventually obtained from CH2Ci2-MeOH in very low yield 
(trace). A single crystal was removed from the vial and identified as 
[RhCl2(rac-et,ph-P4)]BF4«MeOH by X-ray diffraction. Figure 45 shows 
the reaction scheme used for synthesizing 32b.
fiteso-et,ph-P4
toluene
V ^ P E t 2
Figure 45: Synthesis scheme for 32b.
Additional reactions were attempted on a small scale in CH2CI2 to 
determine if the double meso ligand dirhodium complex could be 
synthesized. The monometallic [RhCI2(ri4-rac-et,ph-P4)]+ compound that 
was isolated from these efforts was the racemic complex -  not the meso. 
We initially thought that the rac-monometallic Rh complex may have come 
from racemic ligand impurities that were present in the meso-et,ph-P4, but 
subsequent reactions proved otherwise. A repeat of this reaction was 
done with a 50/50 mixture of rac- and meso-et,ph-P4 ligand in CH2CI2 to 
determine if selective conversion of the meso to racemic ligand was 
occurring. The results of the follow-up experiments were similar to the first 
-  only the racemic [RhCl2(r|4-rac-et,ph-P4]+ complex was present based
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on the 31 P{1 H} NMR. The isolated product yield in this case was around
85%.
The observation of high yields of [RhCl2(r|4-rac-et,ph-P4)]+ when 
using CH2Cl2 as the solvent concentrated our synthetic efforts in this area. 
The CH2Cl2 solvated monometallic Rh complex 32c was synthesized by 
adding rac-et,ph-P4 to [Rh(nbd)2]BF4 in CH2Cl2- Figure 46 shows the 
reaction scheme used to synthesize 32c. Crystals were obtained from 
CH2CI2 in high yield (80-90%). This reaction is the clearest indication that 
dichloromethane activation by a Rh(l)-P4 complex plays an important role 
in this chemistry (see discussion later in the chapter). .
rac-et,ph-P4
CH2CI2
Figure 46: Scheme for [RhCl2(rac-et,ph-P4)]BF4»2DCM, 32c.
4.3 Structural Characterization of [RhCI2(ri4-rac-et,ph-P4)]+
Single crystal X-ray structures were performed on 32a, 32b, and 
32c. Table 7 contains selected bond distances and angles for all three 
structures, while crystallographic data and collection parameters can be 
found in Appendix A. ORTEP plots of 32a and 32c (32b is virtually 
identical with 32a) are shown in Figure 47.
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Table 7: Selected bond distances (A) and angles (9) for 32a-32c.
32a 32b 32c
Rh-CI1 2.422(5) 2.405(2) 2.417(1)
Rh-CI2 2.424(6) 2.432(2) 2.428(1)
Rh-P1 2.325(6) 2.360(3) 2.353(1)
Rh-P2 2.256(6) 2.251(2) 2.267(1)
Rh-P3 2.250(6) 2.251(2) 2.254(1)
Rh-P4 2.349(6) 2.359(2) 2.354(1)
Rh-C26 — — 2.165(18)
P2-C3 1.85(2) 1.828(8) 1.840(4)
P3-C3 1.83(2) 1.858(8) 1.830(4)
C26-CI3 — — 1.773(18)
P2-C3-P3 108(1) 106.2(4) 94.9(2)
CI1-Rh-CI2 94.7(2) 94.14(8) 93.58(4)
CI1-Rh-P1 91.7(2) 91.29(8) 86.38(3)
CI1-Rh-P2 95.7(2) 96.14(8) 95.80(4)
CI1-Rh-P3 165.4(2) 165.61(8) 165.00(3)
CI1-Rh-P4 87.4(2) 86.95(8) 92.24(4)
CI2-Rh-P1 85.3(2) 88.34(8) 92.50(4)
CI2-Rh-P2 166.3(2) 167.42(9) 167.42(4)
CI2-Rh-P3 97.6(2) 97.57(8) 98.70(4)
CI2-Rh-P4 92.7(2) 91.96(8) 87.32(4)
P1-Rh-P3 85.4(2) 84.19(8) 84.52(4)
P1-Rh-P2 97.1(2) 97.38(8) 96.88(4)
P1-Rh-P4 177.8(2) 178.23(8) 178.60(4)
P2-Rh-P3 73.6(2) 73.46(8) 73.46(4)
P3-Rh-P4 96.7(2) 95.81(8) 96.45(4)
P2-Rh-P4 84.1(2) 84.32(8) 83.95(4)
Numbers in parentheses are estimated standard deviations in 
the least significant digits.
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Figure 47: ORTEP plots for 32a (left) and the overlapping
disordered complexes: [RhCl2(rac-et,ph-P4)](BF4), 32c, and
[RhCI(CH2CI)(rac-et,ph-P4](BF4), 36 (right). Hydrogens, counter­
anions, and solvent molecules are not shown for clarity on both 
structures. Ethyl groups are also omitted on 32a (left). The 
structure of 32b (not shown) is essentially identical to 32a.
The structures of all three complexes are quite similar with 
approximate octahedral geometry about the rhodium atoms. The primary 
distortions arise from the presence of the four-membered 
bis(phosphino)methane chelate ring (P2-Rh-P3) that compresses this 
angle down to 73.5° (average). The trans CI-Rh-CI angle opens up 
somewhat to an average value of 94°. The five-membered P-Rh-P 
chelate angles also fall into a rather narrow range of 83.95(4)° to 85.4(2)°. 
The Rh-P and Rh-CI distances are quite consistent between the three 
structures and typical for this type of Rh(lll) complex. The internal Rh- 
P2,3 distances are 0.1 A shorter than the external Rh-P1,4 distances 
(2.25 vs. 2.35 A). This is tied into the steric and electronic effects of the 
internal phosphines being part of two chelate rings and being not as
66
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
electron-rich as the terminal phosphines. The smaller spacial extent of the 
internal phosphorus lone pair can lead to somewhat shorter Rh-P 
distances. We have observed these effects in other transition metal et,ph- 
P4 structures.
The other notable distortion concerns the chloride ligands being 
distorted up and down from the central bis(phosphino)methane P2-Rh-P3 
plane. This is best indicated by the twist angle between the planes 
defined by the P2-Rh-P3 and CI-Rh-CI atoms. These dihedral angles are 
14.1, 13.0 and 14.2°, for 32a, 32b and 32c, respectively. Molecular 
modeling by Prof. Stanley using SYBYL with an ideal octahedral starting 
geometry for 32 also demonstrates the distortions of the two chloride 
ligands in and out of the plane defined by the Rh and two phosphorus 
atoms of the central bis(phosphino)methane portion of the et,ph-P4 ligand. 
This up-down distortion is caused by the chiral twist of the coordinated 
rac-et,ph-P4 ligand around the Rh center coupled with the steric 
interactions between the chloride ligands and the terminal PEt2 groups.
4.4 Proposed [Rh(CI)(CH2CI)(raoet,ph-P4)]+, 33
Shown in Figure 48 is the compound, [Rh(CI)(CH2CI)(rac-et,ph- 
P4)]+, 33, that we believe co-crystallized with [RhCI2(rac-et,ph-P4)]+, 32c. 
Dr. Frank Fronczek and Damon Billodeaux performed the structure 
solution of 32c. They observed a peak of electron density at about 2.16 A 
from the Rh suggesting a carbon or oxygen atom. At first they thought this
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might represent a methoxy group (OMe). But Marder et al3 have reported 
the structure of the chloromethyl complex fra/7S-[RhCI(dppe)2(CH2CI)]-
(CI)CH2CI2, which was successfully used as a crystallographic model for
refining the disorder in 32c.
Figure 48: Line drawing for proposed unsymmetrical compound,
33, that we believe co-crystallized with 32c.
As can be seen from the one ORTEP plot in Figure 47, there is 
disorder in the vicinity of the CI2 atom. This best refines as a -CH2CI 
group. Refinements using OMe gave higher R values for the structure 
leading us to favor the proposed chloromethyl group. The disorder is 
about 13% abundant, inferring that 87% of the sample is 32c and 13% is 
[Rh(CI)(CH2CI)(rac-et,ph-P4)]+, 33. Dr. Stanley feels that there is enough 
of a coordination geometry difference between these two complexes to 
observe the separated Ch and -CH2CI groups.
At this point, we do not have any spectroscopic data to confirm this 
proposed structure as a possibility. But, as discussed later, we believe 
that this is a likely side product in the formation of [RhCI2(rac-et,ph-P4)]+ 
from the reaction of the Rh(l)-P4 precursor with CH2CI2. Additional
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research involving the synthesis of 33 along with full spectroscopic and 
elemental analysis characterization is certainly worth pursuing. 1H NMR 
analyses of two compounds from the literature3-12 showed chemical shifts 
for the -CH2CI2 group at 3.37 and 4.30 ppm.
4.5 3ip{iH } NMR of [RhCI20i4-rac-et,ph-P4)]+.
The 31P{1H} NMR of the reaction of mixed-et,ph-P4 and Rh2(p- 
CI)2(CO)4 followed by addition of AgBF4 is shown in Figure 49. The 
strong resonances at 56 and 8 ppm were our first evidence for the 
production of [RhCI2(rac-et,ph-P4)]+, 32. The two doublets of triplets (dt) 
from the internal phosphorus atoms at 8.5 ppm and two dt from the 
terminal (external) phosphines at 56.3 ppm are quite distinctive. Smaller, 
poorly resolved resonances are also present in the 42-50 ppm region and 
are believed to be caused by the dirhodium double ligand complexes (26, 
26a and/or 28) that were discussed in Chapter 3. There is a considerable 
upfield chemical shift of the internal phosphines (5 = 8.5 ppm), relative to 
that of the external phosphine resonances (5 = 56.3 ppm) of -48 ppm. 
This large upfield shift is typical of 4-membered bis(phosphino)-methane 
rhodium chelate rings compared to 5-membered chelate rings that show 
downfield shifts of -30 ppm from non-chelate ring phosphines.4
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
' l y »
4 0    ym  v o  am * V  *%*" i V  a  ’  c"
Figure 49: 31 P{1 H} spectrum of the reaction products of mixed- 
et,ph-P4 and Rh2(p-CI)2(CO)4 followed by addition of AgBF4. The 
strong resonances at 56 and 8 ppm are due to 32a.
Additional reactions of [Rh(nbd)2]BF4 with meso-et,ph-P4 and 
rac,meso-et,ph-P4 ligand (mixed) have also been completed. 31P{1H} 
NMR characterization of the solution from the reaction with mixed-et,ph- 
P4 shows doublets of triplets (dt) arising from the internal phosphorus 
atoms located at 10.5 ppm and doublet of triplets arising from the external 
or terminal phosphines at 57.5 ppm. 31P{1H} NMR characterization of the 
solution from the reaction with meso-et,ph-P4 is similar to those for the 
racemic and mixed reactions. The P-P coupling constants for 32 (5 =
10.1; Jp.p = 24.3 Hz, 5 = 57.5; JRh-p = 23.8 Hz) are similar to those for our 
catalyst precursor (Jp.p = 23 Hz) while the Rh-P values for 32 (5 = 10.1; 
jRh-p = 93.7 Hz, 5 = 57.5; JRh-p = 80.2 Hz) are smaller (jRh-p =150 Hz).5 A 
comparison of 32 to [Rh2(CO)5(rac-et,ph-P4)](BF4)2 shows a similar trend,
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with the P-P coupling very close (Jp.p = 25 Hz) and the Rh-P coupling 
smaller (JRh-p =112 Hz).5
31 P{1 H} NMR spectrum for the rac-et,ph-P4, meso-et,ph-P4 and 
mixed-et,ph-P4 ligand reactions with [Rh(nbd)2]BF4 in CH2CI2 is shown in 
Figure 53. The results are the same, regardless of the diastereomeric 
form of the P4 ligand that we start with. These results strongly suggest 
that the meso- ligand can be converted to racemic via this reaction. If so, 
this could be a very important reaction in that all our current catalyst 
research involves the racemic complex. This work, if successful, would 
allow us to convert all of our ligand to the racemic form and avoid the time 
consuming steps of ligand separation via nickel complexation followed by 
cyanolysis. The meso-et,ph-P4 diastereomer is not currently useful for 
our catalytic studies. 31P NMR resonances with small intensities are 
located at 5 = -5-6, 24-26, 45 and 49.6-49.8 ppm in all three spectra 
shown in Figure 51. These smaller resonances may be associated with 
an unsymmetrical Rh(l) complex like [Rh(r|3-meso-et,ph-P4)(solvent)]+ or 
RhCI(ri3-meso-et,ph-P4), (Figure 50).
Figure 50: Proposed line drawing for [Rh(ri3-et,ph-P4)(solvent)]+
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Figure 51: 31P{1H} NMR spectrum for [RhCI2(rac-et,ph-P4)]+, 32c, 
reaction mixture prepared from the following et,ph-P4 ligand reactions 
with [Rh(nbd)2]BF4 in DCM: rac-et,ph-P4 (top), meso-et,ph-P4
(middle) and rac,meso~et,ph-P4 (bottom).
4.6 Reaction with 1,2-Dichloroethane
Activation of CICH2CH2CI, the solvent for this reaction, to produce 
[RhCI2(rac-et,ph-P4)]+, occurred in a similar fashion as with CH2CI2. 
Characterization by 31P{1H) NMR and X-ray crystallography has been 
done. However, the single-crystal structure is not presented for 32d, since 
we already had three structures for [RhCl2(rac-et,ph-P4]+. The 31P{1H}
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NMR spectrum of the filtrate from this reaction showed a mixture of 
products. However, the 31P{1H} NMR spectrum of recrystallized 32d is 
the same as that for 32a-c. The isolated yield for this reaction was around 
30%, much lower than that for 32c.
rac,meso-et,ph-P4
CICH2CH2CI 
A, 3 hrs
Figure 52: Reaction scheme for 32d.
4.7 Related Systems
The initial focus of my research was to synthesize the bimetallic 
double ligand complexes (11 and 26, 26a and 28). The first synthesis and 
isolation of 32 occurred accidentally when we used CH2CI2 as a 
crystallization solvent. Additional experiments led to the use of CH2CI2 as 
the reaction and crystallization solvent, which led to the high yield 
synthesis of [RhCI2(r|4-rac-et,ph-P4)]+. We have also synthesized 32 via 
the activation of 1,2-dichloroethane. However, product yields are highest 
when CH2CI2 is the solvent.
Activation of dihalomethanes by late transition metal complexes 
has been studied as a method of generating the useful metal-halomethane 
unit M-CH2X.6-7 Occasionally, double activation of the dihalomethane 
results in the synthesis of bridging methylene (p-CH2) binuclear 
complexes. Suzuki et al8 reported the synthesis of Rh(lll) complexes by
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reacting frans-{RhCI2(py)4]05H20  with dmpp (dmpp = Me2PCH2CH2- 
CH2PMe2) and dmpe (dmpe = Me2PCH2CH2PMe2) in acetonitrile. Both 
reactions produced [RhCI2P4]+-type complexes: [RhCI2(dmpp)2]+ and 
[RhCI2(dmpe)2]+ (Figure 53).
frans-[RhCI2(py)4]CI + dmpp CI~*3CN-  c/s-[RhCI2(dmpp)2]CI
CH ONfrans-[RhCI2(py)4]CI + dmpe — -— c/s,frans-[RhCI2(dmpe)2]CI
Figure 53: Reaction equations for Rh(lll) complexes based on 
dmpp and dmpe.
The Rh-P bond lengths of c/s-[RhCI2(dmpp)2]+, 34a, averaged 
2.341(3) A and ranged from 2.299(2) to 2.387(3) A, while the Rh-P bond 
lengths for frans-[RhCI2(dmpp)2]+, 34b, averaged 2.364(1) A with a range 
of 2.363(1) to 2.364(1) A. The Rh-P bond lengths of c/s-[RhCI2(dmpe)2]+, 
35a, averaged 2.371(5) A and ranged from 2.286(4) to 2.321(5) A, while 
the Rh-P bond lengths for frans-[RhCI2(dmpe)2]+, 35b, averaged 2.337(2) 
with a range of 2.335(1) to 2.341(2) A. Rh-CI bond lengths averaged 
2.428(2), 2.359(1), for cis and trans dmpp, 35a and 35b, respectively, and 
2.418(5) and 2.358(2) A, for cis and trans dmpe, respectively. P-Rh-P 
bond angles for the dmpp complexes averaged 93.4(9)°, with a range of 
93.18(9) to 93.67(9)° and 88.36(4)° for cis and trans, respectively. The P- 
Rh-P bond angles for the cis and trans isomers of dmpe (35a and 35b) 
averaged 85.1(2) and 84.2(1)°. Bond angle ranges for the two isomers 
are 84.6(2) to 85.6(2)° and 84.0(1) to 84.4(1)° for cis and trans,
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respectively. The CI-Rh-CI bond angles for dmpp were 86.76(8) and 180°, 
for cis and trans, respectively, and 87.8(2) and 179.8(1)° for the cis and 
trans dmpe complexes, respectively. The Rh-P bond lengths reported 
here are similar to those for 32. The Rh-CI bond lengths, however, are 
slightly longer for the trans isomers (-0.06 A) than those for 32, which are 
cisoidal, presumably due to the "trans effect".
Marder et al3 reported the synthesis of fra/7S-[RhCI(CH2CI)(dppe)2]+ 
from the reaction of [Rh(dppe)2(CH2X)] with DCM. Their work also 
demonstrated that the isomerization of [(PMe3)RhCH2CI)] to 
[CIRhCH2PMe3] is promoted by the presence of a PMe3 ligand that is 
trans- to the chloromethyl group. They commented that this was due to a 
buildup of positive charge on the a-carbon during the phosphine-halide 
exchange. Their compound (33, Figure 54) is somewhat similar to 
[RhCI(CH2CI)(r|4-et,ph-P4)]+, 33, a complex that we believed co­
crystallized with 32c. The work by Marder, unfortunately, does not help 
explain why we see almost complete conversion to the dichloro- species 
as opposed to the chloride-chloromethyl complex. The only listed Rh-P 
bond distance in Marder’s paper was 2.344(1) A. These values are about 
the same as those reported for 32a-32c. They reported Rh-CI bond 
distances that ranged from 2.431(1) to 2.445(3) A, which compare 
favorably to those of compounds 32, which had a range of 2.405(2) to 
2.432(2) A.
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Figure 54: Line drawing for 36.
Werner et al6 have conducted elegant studies on the CpRhL2 half­
sandwich complexes and their reactions with CH2X2 substrates. Their work 
demonstrated the ability of ligand migrations (ex. Rh(L)(CH2X) to 
Rh(X)(CH2L), L = tertiary phosphine) and the attack by external nucleophiles 
(e.g. methoxide, pyridine) on the Rh-CH2X moiety. The products 
synthesized by this group of researchers included CpRh(CH2l)(PMe3)l, from 
the reaction of CpRh(C2H4)PMe3 with CH2I2, CpRh(CH2Br)(PMe3)Br, from 
CH2Br2 and CpRh(C2H4)PMe3, CpRh(CH2CI)(PMe3)l, by reacting CH2ICI 
with CpRh(C2H4)PMe3, CpRh(CH2CN)(PMe3)l from CH2ICN and 
CpRh(C2H4)PMe3 and CpRh(CHBr2)(PMe3)Br, from the reaction of 
CpRh(C2H4)PMe3 with CHBr3. No structural data was reported for 
comparisons to 32 to be made.
The majority of these reactions include only a few examples of 
reaction with CH2CI2, which is quite difficult to activate. Most researchers 
have concentrated on the reactions of the considerably more reactive 
CH2I2, CH2Br2, and CH2ICI substrates.6b-7b-9
Chatt and Butter10 prepared a series of cis and trans isomers of
dmpe by reacting frans-[Rh(dmpe)2]CI with Cl2, chloroform or carbon
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tetrachloride. Their work relates to 32 from the standpoint that their 
products are made by oxidative addition of halogens or halocarbons to 
[Rh(dmpe)2]+. Examples of those reactions are listed below in Figure 55. 
There was, once again, no X-ray crystallography data given by Chatt and 
Butter for comparisons with 32.
RhCI3 + 2 dmpe - cis and fra/7s-[RhCI2(clmpe)2]CI
mer-[RhCI3(Bu3P)3] + 2 dmpe---------► frans-fRhClaCdmpeyCI
mer-[RhBr3(Bu3P)3] + 2 dmpe---------► c/s-[RhBr2(dmpe)2]Br
frans-tRhCl^dmpe^CI + LiBr— ► frans-[RhCI2(dmpe)2]Br
[Rhfdmpe^CI + CI2-CCI4 ------- ► c/s-[RhCI2(dmpe)2]CI
[Rh(CO)(dmpe)2j + Cl2 or CCI4 -  c/s-[RhCI2(dmpe)2]CI
[Rh(H)CI(dmpe)2] + HCI - D—  c/s-[RhCI2(dmpe)2]CI
[RhCCOXdmpeyCI + Br2 ---------► frans-[RhBr2(dmpe)2]CI
Figure 55: Phosphine complexes of Rh(lll) produced from reaction 
with halogenated methanes and inorganic substrates like Br2, HCI 
or LiBr.
4.8 Molecular Modeling and Meso- to Racemic-PA Isomerization
[RhCI2(rac-et,ph-P4)]+, 32, represents the first ri4-monometallic
complex with our et,ph-P4 ligand. One critical aspect of these Rh
complexes involves the overall stereochemistry of the P4 ligand
coordination to a single metal center. The cis-like coordination of et,ph-P4
ligand about the Rh(l) center generates what we believe is a highly
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reactive metal complex that ideally wants to have a square planar (or 5- 
coordinate) geometry. However, the et,ph-P4 ligand cannot easily 
coordinate around a single metal center to support an ii4-square planar 
configuration. Instead, it seems to have a strong preference for an 
octahedral-like 6-coordinate structure. This represented quite a surprise 
for us - although since our research group is mainly interested in bimetallic 
complexes not much work has been performed studying monometallic 
systems.
All the monometallic et,ph-P4 complexes the Stanley group has 
prepared involve nickel. The square-planar monometallic Ni complex 
[Ni(NCS)(n3-meso-et,ph-P4)]+, 37, shown in Figure 56, was made and 
characterized by Dr. Pia Alburquerque. Note, however, that only the 
monometallic meso-et,ph-P4 Ni complex was structurally characterized or 
seen in solution. This indicates that the coordination of rac-et,ph-P4 to a 
single metal center appears to activate that complex for other reactions.
Ph
I
Figure 56: Monometallic complex [Ni(NCS)0i3-meso-et,ph-P4)]+, 37.
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The key factor appears to be the ability of the racemic-P4 ligand to 
use the one internal phosphorus lone electron pair to bind to the metal, 
thereby activating it for further reactions. However, the meso-P4 ligand, 
38a, has that internal phosphorus lone pair oriented away from the metal 
(Figure 57, left).
Figure 57: Monometallic meso-et,ph-P4 and rac- complexes, 38a 
(left) and 38b (right).
Since racemic-P A ligands, 38b (Figure 57, right), have the ability to 
easily donate this extra lone pair of electrons to the metal, this boosts the 
e' density on the metal and probably activates a metal like Rh(l) for 
nucleophilic attack, oxidative addition, or electron transfer reaction with 
CH2CI2. Prof. Stanley performed SYBYL molecular modeling studies on 
the proposed r|3-coordinated monometallic Rh(l) complexes with rac- and 
meso-et,ph-P4 ligands. Stick figure views of these two complexes are 
shown in Figure 60. Both structures are calculated to have essentially 
equivalent steric energies (-0.3 Kcal/mol). The only real difference 
between these two structures is that the RhCI(rac-r|3-et,ph-P4) complex 
has the lone pair on the uncoordinated phosphorus atom oriented towards
Ph
Meso Racemic
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the filled Rh d^2 and empty pz orbitals. The meso complex, in marked
contrast, has the lone pair oriented away from these Rh orbitals. We have
not seen any strong NMR spectroscopic evidence for the formation of
these two complexes, although the small low intensity resonances in the
31P{1H} NMR at 54, 36, 30 and -2 0  ppm (Figure 51) could be due to the
meso monometallic RhCI(meso-ri3-et,ph-P4) complex.
Racemic Meso
RhCI(r|3-rae*et,ph-P4) RhCI(n3-meso-et,ph-P4)
Figure 58: Stick figure views from the Sybyl molecular modeling 
study on the rac- and meso-Rh(l) complexes RhCI(r|3-et,ph-P4). 
Both complexes have approximately equivalent energies.
Although we see little spectroscopic evidence for the formation of 
either rac- or RhCI(meso-r|3-et,ph-P4), we have spectroscopically and 
structurally characterized the analogous meso-monometallic nickel 
complex [Ni(NCS)0i3-et,ph-P4)]+.1 As mentioned earlier, we have never 
seen any spectroscopic evidence for the formation of the rac-monometallic 
nickel complex [Ni(NCS)(ri3-rac-et,ph-P4)]+.1 The reason for this was
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proposed to be the ability of the uncoordinated phosphorus lone pair in the 
racemic-diastereomer to bond to the metal center and activate it for other 
uncharacterized reactions.
Prof. Stanley also modeled the rac- and meso-monometallic Rh(lll) 
octahedral complexes [RhCI2(r|4-et,ph-P4)]+. Unlike the proposed rj3- 
coordinated Rh(l) complexes discussed above, there is a large steric 
energy difference between the racemic and meso structures. Stick figure 
diagrams for these from the modeling study are shown in Figure 59.
Figure 59: Stick figure views from the Sybyl molecular modeling 
study on the rac- and meso-Rh(lll) octahedral complexes 
[RhCI2(ri4-etIph-P4)]+. The meso complex (on the right) was 
calculated to be +13 Kcal/mol higher in energy than the racemic.
The meso-[RhCI2(ri4-et,ph-P4)]+ complex was calculated to be 13 
Kcal/mol higher in energy (steric factors only) than the racemic 
diastereomer. The main energy-raising factor is the steric hindrance of 
the two terminal (external) PEt2-phosphine groups that are oriented cis to 
one another in the meso structure (Figure 59). This causes a fairly 
serious distortion of the structure relative to the race/77/c-et,ph-P4 complex
Racemic Meso
Region o f steric  
encum brance
\
1
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where these two external phosphines are oriented trans to one another. 
Some selected bond angles for the two modeled complexes, and the X- 
ray structure for [RhCI2(rac-Ti4-et,ph-P4)](BF4)-MeOH, 32b, are shown in 
Table 8. We chose the X-ray structure on 32b for our structural 
comparison because a number of the bond angles are intermediate 
between those reported for 32a and 32c.
Only bond angles are shown in Table 8 since the force field used 
by the molecular modeling has a rather strong bond stretching component 
that holds the Rh-ligand distances at the crystallographic values used in 
the starting structure. The ligand-Rh-ligand bond angle force constant, 
however, is fairly weak and allows the metal-ligand bond angles to vary 
depending on steric factors such as the nature of the ligand backbone, 
chelate ring sizes, etc. The bond angle comparisons are somewhat 
difficult to make between the meso and racemic structures due to the 
differences in the et,ph-P4 ligand coordination geometries. As can be 
seen in Figure 59, the P4 ligand in [RhCl2(ri4-meso-et,ph-P4)]+ adopts a 
rather different ligand coordination geometry compared to that seen for the 
racemic-structure. The frans-orientation of the two external PEt2 groups in 
the racemic structure is most definitely lower in energy than the cis-like 
geometry found in the hypothetical meso-complex.
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Table 8: Comparison of key Rh-ligand bond angles (s) for meso- 
and rac-[RhCI2(r|4-P4)]+ structures from molecular modeling and X- 
ray (racemic, 32b).
model-meso model-rac X-ray-rac-32b
pint"Rh“p int 71.0 77.3 73.5
pext"Rh_pext 101.8 179.8 178.2
CI-Rh-CI 80.2 85.1 94.1
pint_Rh*pext 151.9 98.8 97.3
p int*Rh-Pext 82.4 82.7 84.2
pint"Rh_pext 80.6 83.3 84.3
The synthesis of [RhCI2(Ti4-rac-et,ph-P4)]+ (32a-32d) in high yield 
in the presence of CH2Cl2, especially when that is the only source of 
chlorine atoms, is strong indication that this monometallic complex is 
formed via the activation of CH2CI2. Although this is the first ri4-tetra- 
phosphine synthesis with rac-et,ph-P4, other researchers have 
synthesized similar compounds with halogenated solvents. Askham and 
Stanley reported the r|4-tetraphosphine coordinated chloro-carbonyl 
complex [FeCI(CO)(r|4-eHTP)]+ that was synthesized from the reaction of 
one to two equivalents of FeCfe with the hexaphosphine ligand, eHTP, 
(Et2CH2CH2P)2PCH2P(CH2CH2PEt2)2, 39, Figure 60.11
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Figure 60: Line drawing of [FeCI(CO)(r|4-eHTP)], 39.
This structure is the closest analog to that seen for 32. The eHTP 
ligand, originally prepared by Askham and Stanley, is the direct precursor 
to et,ph-P4 and was also designed to bridge and chelate two metal 
centers in close proximity. The Fe-CI bond distance in 39 is 2.362(2) A, 
which is expectedly shorter than the Rh-CI bond distances reported for 
compounds 32a (2.422 to 2.424 A), 32b (2.405-2.432 A) and 32c (2.4174 
to 2.4284 A). The Fe-P distances ranged from 2.213(1) A to 2.2753(9) A, 
which are also shorter than those for compounds 32a-32c (2.256-2.349 A, 
2.251-2.360 A and 2.2537-2.3543, respectively). The shorter Fe-L 
distances relative to the Rh(lll) complex arise from the smaller size of the 
cationic Fe(ll) center relative to the cationic Rh(lll).
Four new Rh(lll) complexes have been synthesized from the 
reaction of [Rh(nbd)2]BF4 with et,ph-P4 ligand (rac, meso and mixed) in 
dichloromethane: [RhCI2(rac-et,ph-P4)]BF4*toluene, 32a, [RhCI2(rac-
et,ph-P4)]BF4*MeOH, 32b, [RhCI2(rac-et,ph-P4)]BF4«2DCM, 32c and 
[RhCI2(rac-et,ph-P4)]BF4*acetone, 32d. Characterization by 31P{1H) 
NMR has also been completed.
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David Aubry in Dr. Stanley's laboratory has observed what appears 
to be meso-et,ph-P4 isomerization to rac-et,ph-P4 via the trans- 
Ni(CN)2(r|2-et,ph-P4) complex, similar to that seen for 32.12 Those 
proposed complexes, 40 and 41, are shown as line drawings in Figure 61.
Figure 61: Proposed racemic (left), 40, and meso (right), 41, Ni 
complexes.
We believe that we are completely isomerizing meso-et,ph-P4 
ligand to form the [RhCl2(rac-et,ph-P4)]+, 32. However, we do not 
understand the mechanism that is involved. The presence, however, of 
both empty pz and filled dz2 orbitals on the metal that point to the back of 
one of the meso-internal phosphorus atoms could be activating it for an 
orbital inversion, yielding racemic-P4. Phenyl-phenyl steric interactions on 
the /77eso-et,ph-P4 complex may help drive the isomerization as well. This 
is a potentially significant discovery, since /T7eso-et,ph-P4 is not currently 
useful for our bimetallic catalytic studies. If additional research with pure 
meso- confirms these findings, this could be a very important reaction for 
converting mixed-et,ph-P4 ligand into pure racemic. Figuring a way of
Et2 Et2
racemic meso
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converting monometallic (and apparently rather inert) [RhCI2(rac-et,ph- 
P4)]+ into bimetallic [Rh2(nbd)2(et,ph-P4)]2+, however, may represent a 
serious challenge.
4.9 Proposed Mechanism for Meso- to Racemic-PA Isomerization
We believe that enough data has been collected to propose a 
preliminary hypothesis as to how the initially formed monometallic Rh(l) 
rac- and meso-[Rh(r|x-et,ph-P4)]+ (x = 3-4) complexes react with CH2CI2 
to form [RhCI2(rac-et,ph-P4)]+ , 32, and isomerize meso-P4 to racemic-P4 
in the process. This is shown in Figure 62.
x r s r >
I ♦
H
/c.
Cl
meso
inversion
Ptv.
-vrrT>I  B tr/. 1  V - .'VP
^D 1 [ I ) Cl
meso
Figure 62: Proposed mechanism for isomerizing the meso-et,ph- 
P4 monometallic Rh(l) complex to racem/c-Rh(lll) [RhCI2(ri4-et,ph- 
P4)]+, 32.
The reaction of one equivalent of [Rh(nbd)2]+ and et,ph-P4 
generates [Rh(ri3-et,ph-P4)]+ that has a coordinated norbornadiene or
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CH2Cl2 (Figure 62). In spite of being cationic, the Rh is electron-rich 
enough to perform an electron-transfer to CH2Cl2 to generate the Rh(ll) 
dicationic complex, [RhCI0i3-et,ph-P4)]+. This is a Rh(ll) d7 radical 
species, that remains electron-rich enough to perform another e- transfer 
to a coordinated CH2CI2 to form the final dicationic Rh(lll) complex. The 
now empty Rh dz2 or pz orbital is pointed at the back-end of the one 
internal phosphorus atom that has its lone pair oriented away from the Rh. 
We believe that this backside orbital interaction promotes the inversion of 
the lone pair to form the racemic-et,ph-P4 ri4-coordinated ligand. It is also 
certainly possible that the Rh(ll) d7 radical intermediate could also assist 
in this inversion.
The overall driving force for this reaction is the formation of strong 
Rh-P bonds and avoidance of the bad steric interactions that exist in the 
ri4-meso monometallic et,ph-P4 Rh(lll) complex. The molecular modeling 
studies in the previous section indicated that the meso-n4-complex is 13 
Kcal/mol higher in energy than the racemic. The molecular modeling 
study also shows that the Rh does come within orbital overlap distance to 
the uncoordinated phosphorus atom. Thus, there should be enough 
orbital overlap to promote the inversion of the phosphorus lone pair. 
There is no precedence for this in the literature and additional studies to 
sort out this extremely interesting chemistry are certainly needed.
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4.10 Relationship to Bimetallic Hydroformylation Spectroscopy
The in situ 31P{1H} NMR work on the bimetallic hydroformylation 
catalyst system indicated a symmetrical hydride-containing species at
34.1 and -4.1 ppm. The -4.1 ppm resonance did not represent a dangling 
free phosphine (that resonance was observed further up-field at -9.2 ppm 
for another bimetallic complex), especially since there was clear Rh-P 
coupling present. One possibility that Prof. Stanley proposed was the r\4- 
coordinated monometallic dihydride, [RhH2(rac-et,ph-P4)]+, 12, shown 
below in Figure 63.
The formation of a 4-membered chelate ring with the central 
bis(phosphino)methane unit is known to cause a large upfield shift in the 
31P NMR. The problem was that Prof. Stanley (and Dr. Matthews) were 
quite skeptical that such a monometallic Rh species could form because 
we had never observed et,ph-P4 coordinate in such a manner to a single 
metal center. The structural and 31P NMR characterization of [RhCI2(rac- 
et,ph-P4)]+, 32, changed all this and made it possible for them to propose 
that [RhH2(rac-et,ph-P4)]+ could indeed form and be quite stable. Even
Figure 63: Line drawing for 12.
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after the first structure on [RhCI2(rac-et,ph-P4)]+ was solved (but before 
clean 31P data was obtained), Prof. Stanley was leaning towards a more 
complex asymmetrically bridged bimetallic Rh(ll) hydride structure, 42, 
shown below in Figure 64.
But the simple 31P NMR on [RhCI2(rac-et,ph-P4)]+ convinced Prof. 
Stanley that a simple monometallic Rh(lll) dihydride was indeed the most 
likely possibility. Several other observations from the in situ spectroscopic 
studies also support the proposed [RhH2(rac-et,ph-P4)]+ formulation. The 
stronger donor hydride ligands should shift the frans-internal phosphorus 
resonances further upfield, consistent with that observed for [RhH2(rac- 
et,ph-P4)]+ relative to [RhCI2(rac-et,ph-P4)]+. The 73° P-Rh-P bite angle 
could increase the trans H-Rh-H angle to around 100° leading to an 
enhanced resistance to the reductive elimination of H2. Our high-pressure 
NMR studies of the catalyst solution have shown that on depressurization 
and flushing with N2 the only hydride species that remains is that assigned 
to [RhH2(rac-et,ph-P4)]+ (it has not been isolated as yet). There are 
several cationic Rh(lll) dihydrides reported in the literature: [RhH2(trien)]+
Figure 64: Structural diagram for 42.
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(trien = triethylenetetramine, 1JRh-H = 30 Hz).13 [RhH2(pp3)l+ (p p 3 = 
P(CH2CH2PPh2)3l iJRh.H = 15 Hz),14 and [RhH2(PMe3)4]+ (iJRh-H = 21 
H z ) . 1 5
Several quick and dirty reactions with [RhCI2(rac-et,ph-P4)]+ and H~ 
(LiHBEt3 , Super-Hydride) were attempted to try and prepare [RhH2(rac- 
et,ph-P4)]+. A mixture of compounds were produced and one symmetrical 
complex had resonances close (47 and 1.4 ppm) to that seen for the 
proposed [RhH2(rac-et,ph-P4)]+ in the in situ 31P NMR studies (Figure 
B.5). But I did not have time to carefully study this further and even the 
3ip  NMR results are quite preliminary and may suffer from failure to 
properly reference the spectrum. Further work to produce and 
characterize [RhH2(rac-et,ph-P4)]+ is clearly required.
4.11 Conclusions
The monometallic [RhCI2(et,ph-P4)]+ complexes, 32a-d, were 
obtained by accident from efforts to synthesize the dirhodium double 
et,ph-P4 complexes. The synthesis of the monometallic Rh(lll) 
complex(es) turned out to be both unexpected and surprising. The 
reactivity of the uncharacterized monometallic Rh(l)-rjx-P4 precursors with 
CH2CI2 and CICH2CH2CI does have direct analogies with literature 
systems, although the mechanism by which it proceeds and the 
production of the observed Rh(lll)-dichloride product indicates that the
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mechanism is probably quite different from other rhodium systems that 
produce [RhCI(CH2CI)(P4)]+ products.
We believe that it is likely that the reaction with CH2CI2 involves 
electron-transfer from the monometallic Rh(l)-rix-et,ph-P4 precursor to 
start free radical CH2-coupling processes and the release of Cl-  anions 
that trap out the oxidized Rh(lll)-r|4-et,ph-P4 product. The driving force for 
this would be the formation of a rather stable rj4-chelated racemic-P4 
ligated octahedral Rh(lll) structure. It may also be that the initial 
coordination of et,ph-P4 to the Rh(l) starting material generates an 
unusually high energy structure that favors oxidative electron transfer to 
substrates like halocarbons.
The observation that we are selectively isomerizing the meso-et.ph- 
P4 ligand to the racemic form is also unexpected and potentially very 
significant. The separation of the meso- and rac-et,ph-P4 diastereomers 
via Ni(NCS)2 chemistry has proved to be complex, frustratingly messy, 
and often low yield. Because only the racemic form of the ligand is useful 
for our bimetallic hydroformylation catalytic studies, the possibility that we 
could use the chemistry discussed in this chapter to selectively convert 
m/xed-et,ph-P4 to pure rac-et,ph-P4 via the monometallic Rh(lll) 
complexes is exciting. In order to effectively use this chemistry, however, 
subsequent research will have to be performed to see how we can convert 
[RhCI2(rac-et,ph-P4)]+, 32, into a usable bimetallic catalyst precursor. 
This may be difficult to accomplish.
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Also unexpectedly, the characterization of this monometallic 
complex may have allowed us to characterize one of the very puzzling 
complexes observed in the in situ NMR studies on the bimetallic 
hydroformylation catalyst system. The simple symmetrical 31P 
resonances observed at 34.1 and -4.1 ppm in the high pressure NMR 
studies of the catalyst system have been assigned to the monometallic 
cationic dihydride [RhH2(rac-et,ph-P4)]+, analogous to [RhCI2(rac-et,ph- 
P4)]+, 32.
This work was critically important in allowing Prof. Stanley and Or. 
Matthews to assign what was previously believed to be a highly unlikely 
structure to the 34.1 and -4.1 ppm 31P NMR resonances observed in the 
catalytic mixture. The observation of this monometallic complex has very 
important ramifications on the bimetallic hydroformylation catalysis. 
Foremost is that we are getting some fragmentation of our active 
bimetallic hydroformylation catalyst to make inactive monometallic 
complexes. Prof. Stanley has made this a key point in designing the next 
generation of tetraphosphine ligands that will impose a far more rigid 
chelate effect to inhibit the dissociation of one of the chelating phosphines 
from the bimetallic catalyst that leads to the formation of the catalytically 
inactive monometallic Rh(lll) complex 12.
Finally, this monometallic structure, while bad for hydroformylation 
catalysis, may be precursor a new type of late transition metal alkene
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polymerization catalyst system. This possibility will be explored and
discussed in the next chapter.
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Chapter 5 
Attempted Olefin Polymerization
5.1 Introduction
The catalyzed polymerization of olefins at atmospheric pressure and 
ambient temperature is considered one of the greatest discoveries in 
organometallic chemistry. Used as co-monomers to produce linear low 
density polyethylene (LDPE), detergents and lubricants, a-olefins is a 4 x 109 
pound per year business.1
Over 60 years have passed since it was discovered that ethylene 
could be converted to a solid polymer at high temperatures in the presence of 
small concentrations of organic peroxides or oxygen.2 The production of low 
density (high pressure) polyethylene (LDPE) began in the United Kingdom, 
shortly before World War II. Ziegler, at the Max Planck Institute in Germany,3 
and workers at Phillips Petroleum laboratories in Oklahoma4 discovered and 
developed new types of low pressure ethylene polymerization catalysts 
during the 1950s.
These new polymers generated by the Phillips and Ziegler catalysts 
exhibited higher density, were more crystalline, and had higher melting points 
than those produced at higher pressures and are now classified as high 
density polyethylene (HDPE). The major property difference between HDPE 
and LDPE are the degree of linearity of the polymer chain and number of 
side-chain branches in HDPE (few) compared to LDPE (many). Engineering 
methods for producing polyethylene include slurry (in a light hydrocarbon oil
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or hexane), homogeneous solution, and gas-phase polymerization
processes.
Ziegler's polymerization process was disclosed in 1954. He 
demonstrated that ethylene polymerizes at low pressure (3-10 atm, 70-90 °C) 
using a catalyst mixture consisting of early transition-metal compounds and 
aluminum alkyls. Natta, shortly after 1954, successfully used Ziegler's 
catalyst system to polymerize propylene and higher olefins (mono- and 
diolefins). These discoveries resulted in a whole new area of polymer 
science and catalyst technology. Ziegler's catalyst, which is hetereogeneous, 
is formed by reacting a metal alkyl (e.g. triethylaluminum) with an early 
transition-metal compound (e.g. TiCU). Diethylaluminum chloride, Et2AICI, is 
often used as a cocatalyst.5
Following the invention of ethylene polymerization, syndiotactic 
polypropylene, shown in Figure 65, was prepared by the Natta group in 1954. 
Their discovery created a new era in macromolecular stereochemistry. Natta 
demonstrated that propylene could be polymerized with Ziegler catalysts to 
give a new crystalline head-to-head polymer.6 A large number of a-olefins 
(e.g. 1-butene, 1-pentene) can also be successfully polymerized using 
heterogeneous Ziegler-Natta catalysts. The resultant polymers are usually 
isotactic and moderately to highly crystalline materials. Higher olefins 
(heptenes, nonenes, and dodecenes) can also undergo polymerization and 
are mainly used in the manufacturing of consumer products like detergents, 
hair care products, lotions, etc.
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Figure 65: Line drawings for atactic, 43 (top), syndiotactic, 44 ( middle), 
and isotactic, 45, (bottom) polymers.
Following the discovery of the Ziegler-Natta catalysts, new 
homogeneous catalyst systems were developed. These catalysts provide 
well-defined single site species that can be designed to create new polymers 
and tailor the properties of older, well known polymers. The new catalytic 
species use several different activators as cocatalysts. The most common of 
these are methyl-aluminoxane (MAO) and modified-methyl- 
aluminoxane(MMAO). These activators typically function by abstracting two 
inert chloride ligands from the transition metal catalysts and replacing them 
with one active methyl group producing a cationic, highly active 
polymerization catalyst. Until 1985 only atactic polypropylene could be 
prepared with soluble Cp2ZrCI2/MAO Ziegler-Natta catalysts.7'8 In 1984, 
Ewen9 showed that mixtures of isotactic (63%) and atactic (37%)
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polypropylene were formed using ethylenebis(1-indenyl)titanium dichloride 
using a mixture of meso and racemic ligands .10 Brintzinger then made the 
dramatic discovery that the catalyst produced from racem/c-ethylene- 
bis(4,5,5,7-tetrahydro-1-indenyl)zirconium dichloride, 46, (Figure 66) with 
MAO, could make highly isotactic polypropylene. Additionally this catalyst 
was 2-3 times more active than the catalysts that produced only atactic 
polypropylene.11
Figure 66: Line drawing for Brintzinger catalyst, 46.
Before Brookhart reported his Ni and Pd polymerization catalysts, it was 
widely believed that late transition metal catalysts could only oligomerize or 
dimerize alkenes. Shell’s Higher Olefin Process (SHOP) is a very successful 
commercial system based on the oligomerization of ethylene by a Ni(ll) 
catalyst.1-12 SHOP offers great flexibility and efficiency through the 
combination of three different catalytic reactions (oligomerization, 
isomerization and metathesis) to satisfy market demand for linear a-olefins 
that are used primarily in detergents. The SHOP process was developed in a 
colaborative effort between Shell Development USA and the Royal Dutch
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Shell Laboratories (Amsterdam, Netherlands). The first commercial 
production plant that used SHOP was built in Geismar, Louisiana, in 1977.
The key SHOP catalyst is a Ni-chelate complex based on a mixed 
phosphine-oxo ligand. Figure 67 shows several examples of compounds that 
were studied by Keim et al.13
p\  / *
Ni
o '  ^P P ha
N
A
47 48 49
50 51 52
Figure 67: Line drawings for several SHOP catalyst precursors. The 
active catalytic species is shown in the lower right corner (52).
The active Ni-H catalytically active species can be generated from a 
simple Ni-CI precursor complex via the addition of AIEt3. The metathesis 
reaction generates a Ni-Et that can then 0-hydride eliminate to produce the 
Ni-H catalyst. Other activation routes are shown in Figure 69 and are all 
based on alkene migratory insertions followed by 0-hydride eliminations.
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Figure 68: Reaction scheme for generating the active SHOP catalytic 
species, 52.
The active Ni catalyst and a-olefin are placed in a polar solvent, in which 
the catalyst is soluble, but the a-olefin is not. This generates a two-phase 
system where the product a-olefin phase separates out from the catalyst 
solution. This solves a major problem with most homogeneous catalysts -  
the separation of product from the catalyst solution. The oligomerization is 
carried out in a series of reactors at temperatures between 80°C to 140°C 
and 7-14 MPa of pressure. A series of distillation columns are then used to 
fractionate the a-olefins into the desired product range of C i2-C20- Tfie 
SHOP system as mentioned above is not a polymerization catalyst because it 
3-hydride eliminates far more readily than the typical Ziegler-Natta early
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transition-metal catalyst. This terminates the chain growth and limits the 
number of ethylenes that can be oligomerized together. Figure 69 shows a 
generalized P-hydride elimination reaction.
However, p-hydride elimination is not the major problem in limiting chain 
growth because the back migratory insertion of the alkene and hydride is also 
fast and easy. Instead, the true root problem is the associative displacement 
of the a-olefin via ethylene coordination via the empty axial orbital on these 
square-planar d8 catalysts. This is shown in Figure 70. Most researchers in 
this field had made the assumption that once one had the p-hydride 
elimination, the a-olefin quickly fell off and that this was the chain growth 
limiting step.
The associative coordination of ethylene to the empty axial orbital is 
followed by a Berry pseudorotation that exchanges the ethylene and a-olefin,
Ph Ph'
58 59
Figure 69: General p-hydride elimination reaction.
60,16e- 61,18e- 62,16e-
Figure 70: Associative displacement reaction scheme.
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then one has dissociation of the a-olefin from the more weakly coordinated 
axial coordination site. The greater steric bulk of the a-olefin relative to the 
ethylene also helps drive this process.
Brookhart was the first to fully understand this and designed a ligand 
to prevent the associative displacement by ethylene via the empty axial 
binding site from occurring. The key feature of Brookhart’s catalyst system is 
the very sterically hindered aryl groups on the nitrogen atom that block the 
empty axial binding site (top and bottom) to prevent ethylene (or other 
smaller a-olefin) from coordinating and associatively displacing the a-olefin 
from the square planar binding site (Figure 71).
CH
•CH
CH3
Figure 71: Line drawing illustrating the sterically bulky 2,6-dialkyl- 
phenyl portion of the imine ligands on Brookhart’s catalyst that prevent 
the association of ethylene via the empty axial orbital.
a-olefin polymerization with living polymerization catalysts had rarely 
been achieved and then only at low temperatures14-15 before Brookhart and 
coworkers16 produced new block polymers using Ni(ll)-a-diimine catalysts, 
63, (Figure 72). Their procedure was later used to synthesize diblock and
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triblock poly(a-olefins). Their late transition-metal system coupled with 
variations in olefin properties such as chain length and modifications in ligand 
structure gave an unusual variety of polymers not seen before. In a recent 
publication, Brookhart17 reported a new class of highly active Ni(ll) catalysts 
for synthesizing C4-C 26 a-olefins with 94% selectivity for linear a-olefins.
Figure 72: Ni(ll)-a-diimine catalysts (Ar = 2 ,6-(APr)2C6H3-; 2-f-Bu-C6H4-, 63.
Small et al18 recently reported late-transition metal catalysts that are 
iron-based with exceptionally high selectivities and activities of 
oligomerization of ethylene to linear a-olefins, while Brookhart19 and 
Gibson20 simultaneously introduced the cobalt-based catalysts, 64 (shown in 
Figure 73). When coupled with MMAO (modified methylaluminoxane) as the 
cocatalyst, these new polymerization systems exhibited extremely high 
turnover frequencies of 1.0 x 105/h (25°C, 1 atm pressure) to 1.8 x 108/h 
(25°C, 600 psig). These new catalysts represent a significant evolution from 
early to late transition-metal based systems where the need for better 
molecular weight and molecular weight distribution control is highly desired.
Br/  \ Br
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Figure 73: Iron and Cobalt based polymerization catalysts, 64.
Uniroyal is interested in new non-metallocene polymerization catalyst 
technology and expressed interest in [RhCI2(rac-et,ph-P4)]+ during an ACS 
poster session in 1998. We decided, therefore, to attempt some 
polymerization studies with this compound.
5.2 Attempted Activation of [RhCI2(rac-et,ph-P4)]BF4
Before any polymerization studies were attempted, it was necessary to 
activate [RhCI2(rac-et,ph-P4)]BF4 by transforming it from an octahedral 
complex to a five-coordinate complex, 65, similar to what is shown in Figure 
74. The question, however, is how can we generate the proposed 
polymerization catalyst 65 from our cationic dichloride. The proposed 
structure is a 16e' dicationic complex that should be quite electrophilic, 
making alkene coordination highly favorable, but also perhaps making 
removal of the chloride anions difficult. However, the strong donating 
phosphine ligands should moderate the electrophilicity somewhat. A second 
property in our favor is the 4-membered chelate ring: the small 73° chelate 
angle should destabilize the complex making it more reactive and harder to 
make. Structurally and electronically, we have quite a bit of control in
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modifying the P4 ligand. The chirality of the R,R- and S,S-et,ph-P4 ligands 
may also represent a significant advantage for preparing isotactic polymers.
A major advantage for our complex is the constrained cisoidal 
geometry of the alkyl and alkene binding sites, which is needed to support 
polymerization. Monodentate or bidentate phosphines usually form the more 
stable frans-geometry complexes that are incompatible with the polymer 
chain propagation. Figure 75 is an example of a frans-complex, 66 . 
Polymerization will not occur with this catalyst because migratory insertion of 
the alkyl and alkene cannot occur.
Figure 75: Drawing of a complex with trans geometry (66).
There are also several potential problems with our system: (1) 
electronically, the dicationic charge may make the complex too electrophilic 
making Cl-  ligand replacement difficult; (2) Rh(3+), d6, is quite inert kinetically 
and this could make it difficult to attach and remove ligands. This is less of a
Figure 74: Proposed polymerization catalyst, 65.
R
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problem for the actual polymerization since once you coordinate the alkene, 
the migratory insertion step with the alkyl self-generates an empty site to 
coordinate another alkene. But the kinetic inertness may make generating 
the active catalyst difficult. The stronger bonds in Rh vs Fe or Co could also 
mean that this complex will be less reactive; (3) the narrow bite angle of 73° 
of the 4-membered chelate ring will cause a rehybridization of the metal 
orbitals to open up the trans alkyl-alkene angle to a value greater than 90°. 
The larger this angle, the harder it will be to carry out a migratory insertion 
between the alkene and the alkyl.
Our first attempts to activate/modify [RhCI2(/'ac-et,ph-P4]BF4, 32, 
involved the use of EtMgCI, EtMgBr and TIPF6 (Figure 76). The objective of 
these reactions was to replace a chloride with an alkyl and to try to remove 
the other Cl’ to generate a 2+ complex with an open coordination site. 
Based on 31P NMR analyses no reaction occurred. This confirms our fears 
that the cationic d6 18e‘ complex is kinetically very non-reactive. As can be 
seen from the 31P NMR spectrum, no change/disappearance in the 
resonances located at -5  and 6 ppm occurred, which are the vinyl protons of 
1-hexene. A successful polymerization reaction would have resulted in the 
disappearance of these resonances. The attempt to pull off a Cl~ with TIPF6 
also failed.
5.3 Other Rh(lll) Complexes related to [RhCI2(raoet,ph-P4)]BF4.
The failure of the halide substitution or abstraction reactions led us to 
attempt making alkyl halide or other dihalogenated complexes by varying the
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initial reaction conditions used to prepare 32. [Rh(nbd)2]+ and et,ph-P4 were 
mixed and reactions attempted in various halogenated solvents (Figure 77).
Figure 76: Attempted substitutions and Cl removal reactions for 
[RhCI2(rac-et,ph-P4]BF4, 32.
The reaction of [Rh(nbd)2]+ with et,ph-P4 in CH3I was monitored by 
31 P{1H} NMR and showed major resonances at 28.82 to 29.36 ppm (singlets) 
and 39.50, 39.89 and 40.43 ppm (singlets). Smaller resonances were also 
observed at 29.5, 30.0, 30.6, 39.12 and 40.9 ppm (singlets). No crystals 
were obtained to aid in identifying the final compound(s). In hindsight, this 
was a poor reaction to try due to the very high reactivity of CH3I with 
alkylated phosphine ligands to make phosphonium cations [R3PCH3]+ and 
direct oxidative addition reactions with [Rh(nbd)2]+. Although the reaction 
with CH2I2 produced an uncharacterized mixture of compounds, the 31P{1H} 
NMR analysis of the reaction with CH2Br2 was quite clean and showed major 
resonances at 9.0 ppm (dt) and 53.0 ppm (dt). The spectrum of this reaction 
is quite similar to that seen for [RhCI2(rac-et,ph-P4]+, except that the
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chemical shift values for the external phosphines are shifted upfield by 
approximately 2 ppm. We believe that [RhBr2(rac-et,ph-P4]+ was prepared, 
but we were unable to obtain crystalline product for an elemental analysis or 
an X-ray structural determination.
Figure 77: Modification attempts of [RhCI2(rac-et,ph-P4)]BF4.
Reactions with dotted arrows indicate reactions that did not produce 
the product shown. Boxed reactions did work.
The reaction of [Rh(nbd)2]+ with et,ph-P4 in CICH2CH2CI resulted in 
the formation of [RhCI2(rac-et,ph-P4]+ in lower yield than using CH2CI2, as 
previously discussed in Chapter 4. Analysis by X-ray crystallography of a 
single crystal confirmed the acetone solvate of [RhCI2(rac-et,ph-P4)]BF4j
\ 7  a c H 2CH2ci Ph^ P(i I
Rh --------------------- »- S  ”""Rh
/  \  83°C I
CeHgCI I ^CsHs
■.............................<  Rh
\ 7  CH3CI/Et20
Rh ................................ „
{LS 0°C, (CH3)2CO
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32d The major portion of the reaction mixture was a dark-red oil that 
showed the presence of [RhCI2(rac-et,ph-P4)]+ and other complexes that we 
could not identify. 31P{1H} NMR analysis showed major resonances at 10.4 
ppm (dt) and 58.5 ppm (dt). Finally, the reaction of [RhCI2(rac-et,ph-P4)]BF4 
with Super-Hydride (LiBHEt3) resulted in a chemical shift upfield by 
approximately 10 ppm for both the internal and external phosphines. This 
may correspond to [RhH2(r|4-rac-et,ph-P4)]+, but very limited data was 
obtained on this complex and more work needs to be done on this reaction.
5.4 Polym erization A ttem pt w ith  1-hexene
Most homogeneous olefin polymerization catalysts use a cocatalyst 
such as methylaluminoxane (MAO), (CH3)2AI[OAICH3]nOAI(CH3)2, and 
boron compounds21 to activate the metal complex and promote catalysis. 
Shown in Figure 78 is an example of how MAO activates the catalyst and the 
first several steps of the ethylene polymerization.
Cpx .Cl Excess Cp. .CH3I ®  Cp. .CH3I®
M M '' - = L ^  > '
C p ^  ^Cl C p^  Cp 7/
Migratory
Insertion
cpx  ^ ^ ©  cp. cpx  n©
M —  M _ M. _
Cp C p ^  Cp
Figure 78: MAO activation of [Cp2M(CH3)2]+ catalyst precursor and 
resulting first polymerization step.
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MAO, which is extremely chlorophilic, abstracts the chloride anions 
and adds a CH3~ group to the metal. This generates the active cationic 
species [Cp2M-CH3]+. An olefin is then introduced and binds to the open 
coordination site. The olefin undergoes a migratory insertion with the alkyl 
group to start or continue the polymer chain growth. Binding of more olefin to 
the vacant coordination site followed by a second migratory insertion 
increases the polymer chain length. This series of steps is repeated to 
produce the polymer.
Although the Cl~ abstraction with TIPF6 was unsuccessful, we thought 
it beneficial to attempt a real polymerization using excess MAO, [RhCl2(et,ph- 
P4)]+, and 1-hexene to see if we could generate a small amount of active 
polymerization catalyst (Figure 79). 1-Hexene was selected for this 
experiment because it is a liquid and can be used in a simple non­
pressurized Schlenk flask. The high concentration of 1-hexene in solution 
can partially compensate for it's lower activity as a polymerization substrate, 
compared to ethylene. We should, of course, have also tested 32 with the far 
more active ethylene substrate. The reaction was performed in a Schlenk 
flask under the following conditions: 0.003 grams (3.7 X 10*3 mmols) 32c, 
3.7 mmols (estimate) MAO/toluene , THF, 25°C, 2 grams of 1 -hexene (0.024 
mmols). 1H NMR analysis of the reaction mixture was performed before and 
after the reaction. There was no observable color change in the catalyst, as 
well as no change in the 1H NMR spectrum after the reaction was allowed to 
stand in the glovebox for 1 hour. The extra peaks in the spectrum following
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the attempted reaction is solvent (THF & toluene). Both of these preliminary 
experimental results are indications that no reaction occurred.
Our attempt to polymerize 1-hexene at room temperature was 
unsuccessful. For use as a catalyst, open coordination sites must be 
available. As shown in Figure 80 (before and after), no polymerization of the 
olefin occurred presumably due to the inability to remove one and substitute 
the other chloride ligand with an alkyl group. [RhCl2 (rac-et,ph-P4)]+ is an 
18e- (d6 metal) complex with no open coordination. Research efforts 
focusing on modifying [RhCl2 (rac-et,ph-P4 )]BF4 are recommended for it to 
be an effective catalyst.
5.5 C o nclu sions
[RhCI2(rac-et,ph-P4)]BF4, 32, may have some potential for use as a 
polymerization catalyst if we can generate the 16e~ dicationic alkyl catalyst 
complex. Although our initial preliminary studies did not work, there are a 
number of modifications that can be made to obtain a system that might 
work. The first modification would be to move to cobalt. The weaker Co-L 
bonds mean that we should have a more kinetically labile system. 
Modification of our ligand to replace the central methylene bridge with an 
ethylene linkage will open up the central P-Rh-P angle to -85°. This should 
favor the alkene-alkyl migratory insertions. We also think that if a  suitable 
catalyst could be produced, it would selectively produce isotactic 
polypropylene because of the chirality of the ligand.
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Future research by Dr Stanley's group should focus on developing 
these discoveries into new project opportunities. Olefin polymerization 
catalysis is a very important and competitive facet of industrial processes. 
Uniroyal has expressed interest in the monomtetallic species for use in olefin 
polymerization. Additional studies will be conducted by Dr. Stanley’s group 
on the viability of [RhCi2(rac-et,ph-P4)]BF4, 32, as an olefin polymerization
catalyst.
< „ ^ R
Excess 
 Cl MAO 'p Ph» jTf
„ ^ R h "
Ph*
Migratory
Insertion
p h ;  P
.  P .
Figure 79: Attempted polymerization of 1 -hexene using excess MAO 
and [RhCI2(rac-et,ph-P4)]+ at room temperature.
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Figure 80: 1H NMR spectra of 1-hexene in acetone-d6, before (top) and 
after (bottom) attempted polymerization experiment.
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Chapter 6 
Experimental
6.1 General Procedures
Unless otherwise specified, all reactions and handling of reactants 
and products were performed in an inert atmosphere using a glovebox or 
Schlenk line. Solvents were dried and degassed before use, while some 
were used as obtained from the supplier, generally anhydrous. The 
following diagram, Figure 81, describes the reaction pathway to many of the 
precursors used to prepare our catalyst precursor, [Rh2(nbd)2(rac-et,ph- 
P4)](BF4)2.
PnPH2
2 Et2PCI
2 VMgBr
2 Et2PCH=CH2
PEt2 PEt2
Figure 81: Reaction Scheme for general reactants.
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A modification to an existing preparation for vinyldiethylphosphine 
(vinyl) resulted in improved isolation and increased productivity. The 
Grignard reagent (vinylmagnesium bromide) that is used for making vinyl is 
purchased from Aldrich in tetrahydrofuran THF. This vinyl/THF mixture 
creates isolation problems, possibly due to the formation of an azeotrope 
(vinyl/THF), requiring longer reaction times between vinyl and bridge to 
make ligand. In addition, there is increased risk of fire and personal 
exposure from leakage during distillation. The modified procedure involves 
a solvent exchange of THF with tetraethyleneglycol dimethyl ether 
(tetraglyme), two patented procedures.1' 2
6.2 Instrumentation
The NMR spectra were recorded on a Bruker AC-250, DPX-250 or AC- 
300 spectrometers at Louisiana State University. All NMR experiments 
were performed at room temperature (25 °C) in 5 or 10 mm tubes, unless 
otherwise stated. Elemental analyses were performed by Oneida Research 
Services, Inc., Whitesboro, New York.
X-ray crystallographic data was collected on a Enraf-Nonius CAD4 
diffractometer at room temperature (25° C) or 100K using CuKa or MoKa 
with a graphite crystal monochromator and the 9/20 scan data collection 
technique. Structure solutions were performed on a Personal Computer 
using SHELXT3 software.
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6.3 Synthesis of [Rh3(rac^et,ph-P4)2](BF4)3I 17
A 100 ml Schlenk flask containing a stir bar, was charged with 0.129 grams 
(0.123 mmols) of [Rh2(nbd)2(rac-et,ph-P4 )](BF4)2 and 15 ml of anhydrous 
tetrahydrofuran (THF). A second 50 ml Schlenk with a stir bar was charged 
with 0.027 grams (0.251 mmols) of lithium diisopropylamide (LDA), and 20 
ml of (THF). Both flasks were closed with rubber septa, brought out of the 
glovebox and connected to a Schlenk line. After purging the tubing 
connecting the flasks to the Schlenk line, and allowing the reactants to 
equilibrate to -78  °C (acetone/dry ice bath), the addition of LDA began. The 
orange [Rh2(nbd)2(rac-et,ph-P4 )](BF4)2/THF solution changed to a darker 
orange color with a precipitate. The sample was taken into the glovebox 
and filtered yielding light brown solids and a dark-red filtrate. The filtrate 
was placed in two NMR tubes containing different crystallization the solvents 
(THF/Hexane and THF, respectively) and allowed to slowly evaporate. 
Orange looking crystals were observed in the tube containing THF/Hexane 
after three months.
6.4 Synthesis of [Rh2(mesoet,ph>P4)2](PF6)2, 26
To a 100 ml Schlenk flask containing a stir bar was charged 0.230 
grams (0.592 mmols) of Rh2CI2(CO)4 anc* 15 ml of toluene. To a second 50 
ml flask was added 0.548 grams (1.181 mmols) of meso-et,ph-P4 ligand and 
15 ml of toluene. A third Schlenk flask was charged with 0.321 grams (1.27 
mmols) of silver hexafluorophosphate (AgPF6) and 20 ml of a DCM/Toluene
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(50%, v/v) mixture. Addition of the Rh2Cl2(CO)4 solution took twenty (20) 
minutes, followed by the addition of the (AgPF6) solution.
The reaction mixture was allowed to stir overnight, after which it was brought 
into the glovebox and filtered. Filtering yielded light brown solids, a red- 
black oily residue and a light yellow filtrate (toluene). Rinsing the filter 
contents into toluene solution gave a brown two-phased system. After 
allowing the flask to stand for two hours, the mixture was re-filtered, yielding 
a bright orange-red filtrate which was stored in the freezer overnight. The 
brown solids were rinsed from the filter with acetone and stored in a vial.
The filtrate, a toluene/acetone mixture, was removed from the freezer and 
evaporated under vacuum on a Schlenk line. The flask was then taken into 
the glovebox and redissolved in a minimum volume of DCM/toluene and 
placed in a vial to crystallize. After two days, brown amorphous solids were 
observed. The liquid was decanted into a second vial and left standing in 
the glovebox to crystallize, while the solids were left in the box for the 
residual solvent to evaporate. After fifteen days, no crystals were present in 
the original vial. The amorphous solids were dissolved in a minimum 
volume of acetonitrile (CH3CN) and left in the box to crystallize, yielding on a 
trace amount of product.
6.5 Synthesis of [Rh2(meso-et,ph>P4)2](CI>2, 26a
A 100 ml Schlenk flask was charged with 0.211 g (0.543 mmol) of 
Rh2(CO)4Cl2, anc* 25 ml of THF. A second flask (50 ml) was charged with
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0.514 grams (1.107 mmol) of mixed et,ph-P4 and 25 ml of THF. Both were 
brought out of the glovebox and connected to a Schlenk line. The flask 
containing the Rh2(CO)4Cl2 was placed in a acetonitrile/liquid nitrogen slush 
bath (-43 SC) and the ligand solution added via cannula over a period of six 
minutes. The reaction mixture was flushed occasionally with nitrogen to 
remove the carbon monoxide. The slush bath was removed and the mixture 
allowed to stir overnight. Brought flask into the glovebox and filtered 
through a medium frit to yield a dark orange filtrate and orange solids.
The orange solids were washed from the frit with acetone, while the 
filtrate was evaporated to dryness under vacuum to yield a brilliant orange 
residue. The residue was dissolved in a mixture of THF/Benzene/- 
Acetone/MeOH and placed in the freezer for two hours. No crystals were 
obtained by this method, so the solution was placed on the shelf in the 
glovebox for slow solvent evaporation. X-ray quality crystals of uniform 
morphology were observed after three days.
6.6 Synthesis of [Rh2(nio-et,ph-P4)2](BF4)2, 28
[Rh(nbd)2]BF4 (0.157 grams, 0.420 mmol) and 12 ml of OCM were 
added to a 100 ml Schlenk flask. A second flask was charged with rac- 
et,ph-P4 (0.199 grams, 0.430 mmol) and approximately 12 ml of DCM. The 
two flasks were transferred from the glovebox to a Schlenk line and ligand 
solution added dropwise to the rhodium complex. The reaction was 
continued overnight after which the solvent was removed under vacuum. 
The residue was brought into the glovebox, dissolved in DCM (min. volume)
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and washed with ether (anhydrous). The dark-red oil and opaque-yellow 
filtrate were combined and allowed to slowly evaporate.
Poor quality crystals were initially obtained from DCM. The crystals 
were re-dissolved in a DCM/MeOH mixture. Synthesis of [Rh2(rac-et,ph- 
P4 )2](BF4)2 was also accomplished by adding 0.322 g (0.693 mmol) mixed- 
et,ph-P4, 0.180 g (0.481 mmol) of [Rh(nbd)2]BF4 and 15 ml benzene to a 
100 ml flask and allowing the reaction to go overnight. Crystals of 28 were 
obtained in approximately 5 days. Analysis: calculated for
C24H38P4CI2BF4Rh: C -45.86% , H - 6.11%, P - 18.94%: found C -45.37%, 
H - 6.02%, P - 18.06%
6.7 Synthesis of [Rh(raoet,ph-P4)Cl2]BF4»toluene, 32a
A 100 ml Schlenk flask containing a stir bar, was charged with 0.215 
grams (0.553 mmols) of Rh2CI2(CO)4 and 20 ml of anhydrous toluene. A 
second 50 ml Schlenk flask with a stir bar, was charged with 0.547 grams 
(1.179 mmols) of ligand (et,ph-P4) and 50 ml of toluene, while a third 25 ml 
Schlenk flask was charged with 0.223 grams (1.145 mmols) of silver 
tetrafluoroborate (AgBF4) and 10 ml of toluene.
The three flasks were closed with rubber septa, brought out of the 
glovebox and connected to a Schlenk line. After purging the tubing 
connecting the flasks to the Schlenk line, and allowing the reactants to 
equilibrate to 0 °C (ice bath), the addition of ligand to the flask containing the 
Rh2CI2(CO)4 was performed slowly. Slow addition of AgBF4 to the mixture
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followed. Frequent venting of the reaction flask occurred to release evolved 
carbon monoxide. After allowing the mixture to stir over the weekend under 
nitrogen, the flask was taken into the glovebox and filtered yielding light 
brown solids and an orange-red solution.
The orange-red solution was placed on a rotary evaporator to remove 
the solvent. The light brown solids were dissolved in a minimum volume of 
dichloromethane (DCM), yielding a deep red solution. The orange-red 
residue left after removing the solvent was redissolved in a minimum volume 
of DCM/toluene and left in the box in vials to slowly evaporate.
6.8 Synthesis of [RhCI2(raoet,ph-P4)]BF4*MeOH, 32b
A 100 ml flask was charged with [Rh(nbd)2]BF4 (0.233 g, 0.623 
mmol) and 25 ml toluene in the glovebox. Similarly, a second 100 ml 
Schlenk flask was charged with meso-et,ph-P4 (0.294 g, 0.633 mmol) and 
10 ml toluene. After adding the ligand to the rhodium solution, the reaction 
flask was heated to approximately 75 °C for three hours, and allowed to cool 
to room temperature. The pale yellow/orange liquid was transferred to a 
clean flask and the solvent removed under vacuum, to give an orange paste. 
The transfer and reaction flasks were taken into the glovebox and the 
residue from each dissolved in DCM/hexane and DCM (reaction and 
transfer flasks, respectively). Crystals were eventually obtained from MeOH 
and identified as [RhCI2(rac-et,ph-P4)]BF4*CH3OH, by X-ray diffraction.
122
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6.9 Synthesis of [RhCl2(/'«oet,ph-P4)]BF4*2DCM, 32c
A 100 ml flask was charged with [Rh(nbd)BF4 (0.354 g, 0.947 mmol), 
rac-et,ph-P4 (0.497 g, 0.962 mmol) and 40 ml DCM in the glovebox. The 
mixture was refluxed for 3 hours after which the solvent was evaporated 
under N2 and the residue allowed to cool to room temperature. The 
orange/brown amorphous solids were collected in a vial, re-dissolved in a 
DCM/MEOH mixture and left in the box to crystallize. Yield: 0.612 g (89%) 
of product. Analysis: calculated for C24H38P4Cl2BF4Rh (no CH2CI2): C -  
41.18%, H -  5.53%, P -  16.99%: found C -  43.34%, H -  5.56%, P -  
15.23%. Solubility: Very soluble in acetone, nitromethane and acetonitrile; 
soluble in MeOH; slightly soluble in ethanol, benzene and toluene.
6.9.1 Synthesis of [RhCl2(rao-et,ph-P4)]BF4*2DCM (meso)
A 100 ml flask was charged with [Rh(nbd)]BF4 (0.352 g, 0.941 mmol), 
meso-et,ph-P4 (0.439 g, 0.945 mmol) and 40 ml DCM in the glovebox. The 
mixture was refluxed for 3 hours after which the solvent was evaporated 
under N2 and allowed to cool to room temperature. The orange/brown 
amorphous solids were collected in a vial, re-dissolved in a DCM/MeOH 
mixture and left in the box to crystallize. Yield was 0.56 grams of product 
(82% of theoretical). Analysis: calculated for C24H3QP4CI2BF4Rh (no 
CH2CI2): C -  41.18%, H -  5.53%, P -  16.99%: found C - 44.4%, H - 5.71%, 
P - 14.96%.
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6.9.2 Synthesis of [RhCI2(r*C'et,ph-P4)]BF4«2DCM (mixed)
A 100 ml flask was charged with [Rh(nbd)2]BF4 (0.390 g, 1.043 
mmol), mixed-et,ph-P4 (0.496 g, 1.068 mmol) and 40 ml DCM in the 
glovebox. The mixture was refluxed for 2.4 hours after which the solvent 
was evaporated under N2 and allowed to cool to room temperature. The 
orange/brown amorphous solids were collected in a vial, re-dissolved in a 
DCM/MeOH mixture and left in the box to crystallize. Analysis: calculated 
for C24H38P4Cl2BF4Rh (no CH2CI2): C -  41.18%, H -  5.53%, P -  16.99%: 
found C -  43.34%, H -  5.56%, P -  15.23%.
6.10 References
(1) U. S. Patent, 2552676, 1951.
(2) U. S. Patent, 2838508,1958.
(3) Sheldrick, G. M., 1990, SHELXL97, Program for the refinement of
crystal structures. University of Gottingen, Germany.
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Appendix A 
Crystallographic Data
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Table A.1: Crystal data and collection parameters for 
[Rh3(rac-et,ph-P4)2](BF4)3 ,17.
Formula C5oH8oB3Fi2P8Rh3
Formula weight 1498.12
Color orange
crystal system monoclinic
space group C2/c
a, A 35.123(3)
b, A 20.671(2)
c, A 29.824(2)
a, ° 90
P .° 113.1(1)
Y.° 90
V, A3 19916(6)
Z 12
Dc, g cm*3 1.5
crystal size, mm 0.35x0.30x 0.12
Diffractometer Enraf-Nonius CAD4
Radiation wavelength 0.71073A
Radiation type Mo-Ka
Radiaton source sealed tube
Radiation monochromator graphite
(x, mm*1 0.979
temp., K 100
scan type 0 -2 0
collection range, ° 2.3-25.0
no. of unique data 9456
no. of observed data 6650
no. of variables 606
R 0.145
Rw 0.092
GOF 2.632
Table A.2: Bond distances (A) for [Rh3(rac-et,ph-P4 )2](BF4)3, 17.
Rh1-P1 2.247(7) C20-C21 1.42(3)
Rh1-P2 2.234(7) C22-C23 1.49(4)
Rh1-C41 2.28(2) C24-C25 1.58(4)
Rh1-C42 2.33(2) C26-C27 1.51(3)
Rh1-C43 2.29(2) C29-C30 1.51(3)
Rh1-C44 2.29(2) C30-P8 1.82(2)
Rh1-C45 2.35(2) C31-C32 1.42(4)
(table cont’d.)
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Rh1-C46
Rh2-P3
Rh2-P4
Rh2-P7
Rh2-P8
Rh3-P5
Rh3-P6
Rh3-C16
Rh3-C17
Rh3-C18
Rh3-C19
Rh3-C20
Rh3-C21
Rh4-P11
Rh4-P12
Rh4-C60
Rh4-C61
Rh4-C62
Rh4-C63
Rh4-C64
Rh4-C65
Rh5-P9
Rh5-P9
P1-C1
P1-C6
P1-C8
P2-C2
P2-C3
P2-C10
P3-C3
P3-C4
P3-C16
P4-C5
P4-C22
P4-C24
P5-C26
P5-C31
P5-C33
P6-C27
P6-C28
P6-C35
P7-C28
P7-C29
2.27(2) 
2.256(7) 
2.311(7) 
2.266(6) 
2.289(7) 
2.230(7) 
2.229(7) 
2.31(2) 
2.34(2) 
2.23(2) 
2.30(3) 
2.36(2) 
2.29(2) 
2.244(6) 
2.230(8) 
2.35(2) 
2.33(2) 
2.31(2) 
2.32(2) 
2.35(2) 
2.26(2) 
2.304(8) 
2.304(8) 
1.86(2) 
1.81(2) 
1.86(2) 
1.81(2) 
1.85(2) 
1.81(2) 
1.81(2) 
1.82(2)
1.80(2) 
1.86(3) 
1.79(4) 
1.83(3) 
1.81(3) 
1.90(3) 
2.03(4)
1.83(2) 
1.81(2) 
1.81(2) 
1.85(2) 
1.82(2)
C33-C34
C35-C36
C35-C40
C36-C37
C37-C38
C38-C39
C39-C40
C41-C42
C41-C46
C42-C43
C43-C44
C44-C45
C45-C46
C47-C48
C47-P8
C49-C50
C49-P8
P9-C51
P9-C56
P9-C58
P11-C53
P11-C54
P11-C66
P12-C55
P12-C72
P12-C74
C51-C52
C54-C55
C56-C57
C58-C59
C60-C61
C60-C65
C61-C62
C62-C63
C63-C64
C64-C65
C66-C67
C66-C71
C67-C68
C68-C69
C69-C70
C70-C71
C72-C73
1.18(7) 
1.39(3) 
1.35(3) 
1.39(3) 
1.36(3) 
1.39(3) 
1.42(3) 
1.43(3) 
1.40(2) 
1.38(3) 
1.39(2) 
1.32(3) 
1.42(3) 
1.56(4) 
1.85(3) 
1.45(4) 
1.83(2) 
1.85(2) 
1.79(3) 
1.77(2) 
1.83(2) 
1.85(3) 
1.82(2) 
1.83(3) 
1.87(2) 
1.84(3) 
1.48(3) 
1.51(3) 
1.45(3) 
1.53(4) 
1.41(3) 
1.41(3) 
1.41(2) 
1.41(3) 
1.39(3) 
1.50(2) 
1.38(3) 
1.38(3) 
1.41(4) 
1.34(3) 
1.34(4) 
1.37(4) 
1.47(4) 
(table cont’d.)
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P7-C41 1.85(2) C74-C75 1.64(4)
P10-Rh5 2.291(7) B1-F1 1.47(3)
P10-Rh5 2.291(7) B1-F1 1.47(3)
P10-C52 1.81(3) B1-F2 1.31(3)
P10-C53 1.78(2) B1-F2 1.31(3)
P10-C60 1.76(2) B2-F3 1.33(3)
C1-C2 1.53(3) B2-F4 1.28(4)
C4-C5 1.46(4) B2-F5 1.34(3)
C6-C7 1.46(3) B2-F6 1.56(3)
C8-C9 1.54(4) B3-F7 1.39(2)
C10-C11 1.41(3) B3-F8 1.35(3)
C10-C15 1.38(3) B3-F9 1.41(3)
C 11-C12 1.41(3) B3-F10 1.35(3)
C12-C13 1.37(3) B4-F11 1.40(3)
C13-C14 1.36(4) B4-F12 1.35(3)
C14-C15 1.45(3) B4-F13 1.33(2)
C16-C17 1.42(3) B4-F14 1.48(3)
C16-C21 1.39(3) B5-F15 1.34(4)
C17-C18 1.37(3) B5-F16 1.15(4)
C18-C19 1.42(3) B5-F17 1.11(5)
C19-C20 1.40(3) B5-F18 1.35(3)
Table A.3: Atomic coordinates with Isotropic parameters for 
[Rh3(rac-et,ph-P4)2](BF4)3 ,17.
Atom X Y z Ueg (A2)
Rh1 0.28293(5) 0.23292(8) 0.35034(6) 0.032(1)
Rh2 0.34096(5) 0.20741(9) 0.23733(6) 0.040(1)
Rh3 0.24273(6) 0.33890(9) 0.12257(6) 0.038(1)
Rh4 0.42504(5) 0.4062(1) 0.63888(6) 0.039(1)
Rh5 0.5 0.25 0.75 0.042(2)
P1 0.2541(2) 0.2926(3) 0.3917(2) 0.050(4)
P3 0.3310(2) 0.3141(3) 0.2445(2) 0.037(3)
P4 0.4091(2) 0.2379(4) 0.2581(3) 0.070(5)
P5 0.1782(2) 0.3685(3) 0.0760(2) 0.058(5)
P6 0 .2112(2) 0.2546(3) 0.1396(2) 0.033(3)
P7 0.2766(2) 0.1763(3) 0.2290(2) 0.031(3)
P8 0.3475(2) 0.1011(3) 0 .2200 (2) 0.052(4)
P9 0.5361(2) 0.1786(4) 0.7221 (2) 0.055(4)
P10 0.5442(2) 0.3248(3) 0.7400(2) 0.039(4)
P11 0.4921(2) 0.4165(3) 0.6519(2) 0.040(4)
P12 0.4184(2) 0.4977(4) 0.5970(2) 0.055(4)
(table cont’d.)
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C44 0.2898(6) 0.133(1) 0.3855(7) 0.040(7)
C45 0.3237(6) 0.140(1) 0.3771(6) 0.034(6)
C46 0.3192(6) 0.156(1) 0.3290(7) 0.048(7)
C47 0.3404(7) 0.094(1) 0.1555(8) 0.068(8)
C48 0.3253(7) 0.026(1) 0.1327(8) 0.077(9)
C49 0.3922(7) 0.050(1) 0.2540(8) 0.067(8)
C50 0.4003(8) 0.043(1) 0.3054(9) 0.08(1)
C51 0.5851(6) 0.219(1) 0.7287(7) 0.057(8)
C52 0.5773(6) 0.288(1) 0.7138(7) 0.055(7)
C53 0.5320(6) 0.403(1) 0.7131(7) 0.040(6)
C54 0.5025(6) 0.501(1) 0.6404(7) 0.054(7)
C55 0.4674(7) 0.523(1) 0.5942(8) 0.059(8)
C56 0.5501(7) 0.097(1) 0.7428(8) 0.072(9)
C57 0.5722(8) 0.097(1) 0.7953(9) 0.09(1)
C58 0.5111(7) 0.166(1) 0.6583(8) 0.070(8)
C59 0.5386(8) 0.142(1) 0.633(1) 0 .10(1)
C60 0.5811(6) 0.344(1) 0.7985(7) 0.039(6)
C61 0.6105(6) 0.394(1) 0.8103(7) 0.042(7)
C62 0.6398(6) 0.405(1) 0.8581(7) 0.043(7)
C63 0.6416(6) 0.365(1) 0.8969(7) 0.055(8)
C64 0.6150(6) 0.312(1) 0.8886(7) 0.054(7)
C65 0.5828(6) 0.305(1) 0.8381(7) 0.052(7)
C66 0.5098(6) 0.371(1) 0.6114(7) 0.041(7)
C67 0.5469(7) 0.384(1) 0.6071 (8 ) 0.063(8)
C68 0.5582(6) 0.348(1) 0.5741(7) 0.057(8)
C69 0.5343(7) 0.299(1) 0.5489(8) 0.073(9)
C70 0.4986(7) 0.285(1) 0.5532(8) 0.074(9)
C71 0.4862(6) 0.320(1) 0.5839(7) 0.053(7)
C72 0.3811(8) 0.490(1) 0.5321(9) 0.09(1)
C73 0.3908(8) 0.434(1) 0.508(1) 0 .10(1)
C74 0.4008(7) 0.570(1) 0.6195(9) 0.081(9)
C75 0.3948(9) 0.633(2) 0.585(1) 0.13(1)
B2 0.6536(9) 0.449(2) 0.712(1) 0.07(1)
B3 0.2529(7) 0.439(1) 0.5178(8) 0.028(7)
B4 0.1715(8) 0.387(1) 0.2375(9) 0.051(9)
B5 0.4802 0.056 0.1783 0.14(4)
F1 0.4656(4) 0.4492(7) 0.2439(5) 0.09(1)
F2 0.4900(4) 0.3733(6) 0.2088(4) 0.066(9)
F3 0.6164(3) 0.4745(5) 0.7023(5) 0.052(8)
F4 0.6807(3) 0.4842(6) 0.7054(5) 0.082(9)
F5 0.6547(3) 0.3838(5) 0.7090(4) 0.048(8)
F6 0.6708(5) 0.4568(8) 0.7683(6) 0.13(1)
F7 0.2696(3) 0.4378(6) 0.5683(4) 0.051(7)
(table cont’d.)
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F8 0.2343(4) 0.4960(6) 0.5003(4) 0.056(8)
F9 0.2206(4) 0.3935(7) 0.5015(4) 0.080(9)
F10 0.2821(3) 0.4226(6) 0.5009(4) 0.064(8)
F11 0.2057(3) 0.4165(8) 0.2325(4) 0.075(9)
F12 0.1686(3) 0.4075(6) 0.2791(4) 0.070(7)
F13 0.1372(3) 0.3931(6) 0.1974(4) 0.060(8)
F14 0.1813(4) 0.3174(7) 0.2439(4) 0.079(9)
F15 0.489(1) 0 .001(2) 0.160(1) 0.15(2)
F16 0.445(1) 0.061(2) 0.165(1) 0.16(2)
F17 0.497(1) 0.098(3) 0.173(2) 0 .22 (2 )
F18 0.495(1) 0.053(2) 0.227(1) 0.15(2)
Table A.4: Bond angles (°) for [Rh3(rac-et,ph-P4)2](BF4)3, 17.
Rh1-P1-C1 111.0(9) P12-Rh4-C63 101.0 (6 )
Rh1-P1-C6 115.0(8) P12-Rh4-C64 126.2(5)
Rh1-P1-C8 112.0(8) P12-Rh4-C65 164.0(5)
Rh1-P2-C2 110.5(8) P12-C55-C54 108(1)
Rh1-P2-C3 121.9(7) P12-C72-C73 111(1)
Rh1-P2-C10 114.2(7) P12-C74-C75 113(2)
Rh1-C41-P7 128(1) C1-P1-C6 104(1)
Rh1-C41-C42 73(1) C 1-P1-C8 110(1)
Rh1-C41-C46 71(1) C2-P2-C3 100(1)
Rh1-C42-C41 70(1) C2-P2-C10 104.1(9)
Rh1-C42-C43 71(1) C3-P2-C10 104(1)
Rh1-C43-C42 74(1) C3-P3-C4 104(1)
Rh1-C43-C44 72(1) C3-P3-C16 101.4(9)
Rh1-C44-C43 72(1) C4-P3-C16 101(1)
Rh1-C44-C45 75(1) C5-P4-C22 103(1)
Rh1-C45-C46 69(1) C6-P1-C8 103(1)
Rh1-C46-C41 72(1) C10-C11-C12 116(1)
Rh1-C46-C45 75(1) C10-C15-C14 121(2 )
Rh2-P3-C3 128.2(7) C11-C10-C15 119(1)
Rh2-P3-C4 111.0 (8) C11-C12-C13 125(2)
Rh2-P3-C16 108.3(7) C12-C13-C14 118(2)
Rh2-P4-C5 106.7(8) C13-C14-C15 118(2)
Rh2-P4-C22 126.7(9) C16-Rh3-C17 35.6(7)
Rh2-P4-C24 110(1) C16-Rh3-C18 64.2(7)
Rh2-P7-C28 127.9(7) C16-Rh3-C19 76.4(7)
Rh2-P7-C29 109.5(7) C16-Rh3-C20 64.7(7)
Rh2-P7-C41 106.0(6) C16-Rh3-C21 35.1(7)
Rh2-P8-C30 109.2(8) C16-C17-C18 119(1) 
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Rh2-P8-C47 109.3(8) C16-C21-C20 125(1)
Rh2-P8-C49 124.6(8) C17-Rh3-C18 34.8(7)
Rh3-P5-C26 111.4(7) C17-Rh3-C19 63.8(7)
Rh3-P5-C31 114.1(9) C17-Rh3-C20 74.4(8)
Rh3-P5-C33 105.2(8) C17-Rh3-C21 62.0(7)
Rh3-P6-C27 110.0(7) C17-C16-C21 116(1)
Rh3-P6-C28 122.0(7) C17-C18-C19 122(2 )
Rh3-P6-C35 116.7(8) C18-Rh3-C19 36.5(9)
Rh3-C16-P3 133(1) C18-Rh3-C20 63.7(8)
Rh3-C16-C17 73.6(9) C18-Rh3-C21 73.9(8)
Rh3-C16-C21 711(1) C18-C19-C20 118(1)
Rh3-C17-C16 70(1) C19-Rh3-C20 34.9(8)
Rh3-C17-C18 68 (1) C19-Rh3-C21 63.1(7)
Rh3-C18-C17 77(1) C19-C20-C21 116(2)
Rh3-C18-C19 74(1) C20-Rh3-C21 35.7(7)
Rh3-C19-C18 69(1) C22-P4-C24 101(1)
Rh3-C19-C20 74(1) C26-P5-C31 105(1)
Rh3-C20-C19 70(1) C26-P5-C33 108(1)
Rh3-C20-C21 69(1) C27-P6-C28 1001(1)
Rh3-C21-C16 73(1) C27-P6-C35 103.0(9)
Rh3-C21-C20 74(1) C28-P6-C35 101.7(9)
Rh4-P11-C53 119.8(8) C28-P7-C29 106.2(8)
Rh4-P11-C54 109.1(7) C28-P7-C41 103(1)
Rh4-P11-C66 116.4(6) C29-P7-C41 100(1)
Rh4-P12-C55 112 .0 (8 ) C29-C30-P8 107(1)
Rh4-P12-C72 112.6(9) C30-P8-C47 105(1)
Rh4-P12-C74 117.3(9) C30-P8-C49 101(1)
Rh4-C60-C61 71(1) C31-P5-C33 112(1)
Rh4-C60-C65 68 (1) C35-C36-C37 122(1)
Rh4-C61-C60 73(1) C35-C40-C39 121(2 )
Rh4-C61-C62 71(1) C36-C35-C40 118(1)
Rh4-C62-C61 72(1) C36-C37-C38 117(2)
Rh4-C62-C63 72(1) C37-C38-C39 122(1)
Rh4-C63-C62 72(1) C38-C39-C40 117(1)
Rh4-C63-C64 73(1) C41-Rh1-C42 36.0(7)
Rh4-C64-C63 71(1) C41-Rh1-C43 63.5(8)
Rh4-C64-C65 67(1) C41-Rh1-C44 73.7(7)
Rh4-C65-C60 75(1) C41-Rh1-C45 63.7(6)
Rh4-C65-C64 74(1) C41-RM-C46 35.7(6)
Rh5-P10-C52 110 .8 (8 ) C41-C42-C43 118(1)
Rh5-P10-C53 128.0(7) C41-C46-C45 120(2 )
Rh5-P10-C60 107.1(8) C42-Rh1-C43 34.7(7) 
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Rh5-P9-C51 107.1(8)
Rh5-P9-C56 126(1)
Rh5-P9-C58 111.7(9)
P1-Rh1-P2 83.4(3)
P1-Rh1-C41 152.7(5)
P1-Rh1-C42 118.1(5)
P1-Rh1-C43 98.2(6)
P1-Rh1-C44 103.6(6)
P1-Rh1-C45 127.6(5)
P1-Rh1-C46 163.4(5)
P1-C1-C2 106(1)
P1-C6-C7 114(1)
P1-C8-C9 113(1)
P2-Rh1-C41 110.7(6)
P2-Rh1-C42 135.3(5)
P2-Rh1-C43 168.7(4)
P2-Rh1-C44 155.1(5)
P2-Rh1-C45 125.5(5)
P2-Rh1-C46 106.7(6)
P2-C2-C1 108(1)
P2-C3-P3 122(1)
P2-C10-C11 118(1)
P2-C10-C15 121(1)
P3-Rh2-P4 83.7(3)
P3-Rh2-P7 95.9(2)
P3-Rh2-P8 173.1(2)
P3-C4-C5 109(1)
P3-C16-C17 124(1)
P3-C16-C21 118(1)
P4-Rh2-P7 171.6(3)
P4-Rh2-P8 97.9(3)
P4-C5-C4 110(1)
P4-C22-C23 110(2 )
P4-C24-C25 114(2)
P5-Rh3-P6 83.2(2)
P5-Rh3-C16 156.7(6)
P5-Rh3-C17 122.1(5)
P5-Rh3-C18 99.3(5)
P5-Rh3-C19 100.4(5)
P5-Rh3-C20 124.8(5)
P5-Rh3-C21 160.4(6)
P5-C26-C27 110(1)
C42-Rh1-C44 
C42-Rh1-C45 
C42-Rh1-C46 
C42-C41-C46 
C42-C43-C44 
C43-Rh1-C44 
C43-Rh1-C45 
C43-Rh1-C46 
C43-C44-C45 
C44-Rh1-C45 
C44-Rh1-C46 
C44-C45-C46 
C45-Rh1-C46 
C47-P8-C49 
C48-C47-P8 
C50-C49-P8 
C51-P9-C56 
C51-P9-C58 
C52-P10-C53 
C52-P10-C60 
C53-P10-C60 
C53-P11-C54 
C53-P11-C66 
C54-P11-C66 
C55-P12-C72 
C55-P12-C74 
C56-P9-C58 
C60-Rh4-C61 
C60-Rh4-C62 
C60-Rh4-C63 
C60-Rh4-C64 
C60-Rh4-C65 
C60-C61-C62 
C60-C65-C64 
C61-Rh4-C62 
C61-Rh4-C63 
C61-Rh4-C64 
C61-Rh4-C65 
C61-C60-C65 
C61-C62-C63 
C62-Rh4-C63 
C62-Rh4-C64
(table cont’d.)
62.4(6) 
74.0(6) 
63.9(7) 
119(1) 
119(2) 
35.3(6) 
62.0(7) 
74.6(8) 
124(1) 
32.9(8) 
61.8(8) 
117(1) 
35.8(7) 
105(1) 
114(1) 
114(1) 
105(1) 
103(1) 
105(1) 
100(1) 
101.5(9) 
101.6(9) 
104.7(9) 
102(1) 
105(1) 
104(1) 
100(1) 
35.1(7) 
64.3(7) 
76.8(7) 
66.0(7) 
35.6(8) 
122(1) 
123(1) 
35.4(6) 
63.7(7) 
74.7(8) 
62.7(8) 
115(1) 
120(1) 
35.4(8) 
62.8(8)
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P5-C31-C32 114(1) C62-Rh4-C65 75.0(8)
P5-C33-C34 104(3) C62-C63-C64 120(1)
P6-Rh3-C16 108.0(5) C63-Rh4-C64 34.6(8)
P6-Rh3-C17 131.0(6) C63-Rh4-C65 64.9(7)
P6-Rh3-C18 163.2(6) C63-C64-C65 116(1)
P6-Rh3-C19 159.7(6) C64-Rh4-C65 37.8(6)
P6-Rh3-C20 128.1(6) C66-C67-C68 120(1)
P6-Rh3-C21 108.7(6) C66-C71-C70 121(2)
P6-C27-C26 106(1) C67-C66-C71 117(2)
P6-C28-P7 121(1) C67-C68-C69 119(2)
P6-C35-C36 119(1) C68-C69-C70 121(2)
P6-C35-C40 121(1) C69-C70-C71 119(2)
P7-Rh2-P8 83.5(2) C72-P12-C74 104(1)
P7-C29-C30 109(1) F1-B1-F1 103(2)
P7-C41-C42 122(1) F1-B1-F2 106.9(8)
P7-C41-C46 117(1) F1-B1-F2 109.4(9)
P9-Rh5-P9 100.3(3) F1-B1-F2 109.4(9)
P9-C51-C52 110(1) F1-B1-F2 106.9(8)
P9-C56-C57 109(1) F11-B4-F12 109(1)
P9-C58-C59 116(1) F11-B4-F13 112(2)
P10-Rh5-P10 95.1(2) F11-B4-F14 105(2)
P10-Rh5-P9 83.6(3) F12-B4-F13 115(2)
P10-Rh5-P9 167.5(2) F12-B4-F14 106(1)
P10-Rh5-P9 167.5(2) F13-B4-F14 106(1)
P10-Rh5-P9 83.6(3) F15-B5-F16 108(2)
P10-C52-C51 110(1) F15-B5-F17 112(3)
P10-C53-P11 122(1) F15-B5-F18 110(2)
P10-C60-Rh4 130(1) F16-B5-F17 116(3)
P10-C60-C61 126(1) F16-B5-F18 106(2)
P10-C60-C65 118(1) F17-B5-F18 101(2)
P11-Rh4-P12 83.5(2) F2-B1-F2 119(3)
P11-Rh4-C61 134.0(4) F3-B2-F5 115(2)
P11-Rh4-C62 167.7(5) F3-B2-F6 96(2)
P11-Rh4-C63 156.3(6) F4-B2-F5 121(2)
P11-Rh4-C64 125.7(6) F4-B2-F6 96(1)
P11-Rh4-C65 106.3(6) F5-B2-F6 99(1)
P11-C54-C55 107(1) F7-B3-F8 111(1)
P11-C66-C67 122(1) F7-B3-F9 107(1)
P11-C66-C71 120(1) F7-B3-F10 109(1)
P12-Rh4-C60 153.0(6) F8-B3-F9 104(1)
P12-Rh4-C61 119.5(6) F8-B3-F10 113(1)
P12-Rh4-C62 98.1(6) F9-B3-F10 109(1)
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Table  A.5: Crystallographic data and collection parameter for 
[Rh2(meso-et,ph-P4)2](PF6)2, 26.
Formula ^50^80^12^ 1 0 ^ 2
color yellow
fw 1424.66
crystal system Orthorhombic
space group Fdd2
a, A 29.316(6)
b, A 29.937(6)
c, A 28.099(6)
a,° 90
(3,° 90
Y,° 90
V, A3 24661(9)
Z 16
Dc, g crrr3 1.535
crystal size, mm 0.28x0.15x0.10
H, mm-1 0.864
temp., K 100
Diffractometer Enraf-Nonius CAD4
Radiation wavelength 0.71073A
Radiation type Mo-Ka
Radiaton source sealed tube
Radiation monochromator graphite
scan type e -2 0
collection range, Q 2.3 -  25.0
no. of unique data 5529
no. of observed data 2950
no. of variables 686
R 0.058
Rw 0.138
Table A.6: Bond distances (A) for [Rh2(/T7eso-et,ph-P4 )2](PF6)2, 26.
Rh1-P5 2.314(6) P11-F11F 1.42(3)
Rh1-P6  2.266(5) P11-F11D 1.44(2)
Rh1-P7 2.276(5) P11-F11E
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Rh1-P8 2.328(5) P11-F11A
Rh2-P1 2.276(5) P11-F11B
Rh2-P2 2.320(6) P11-F11C
Rh2-P3 2.315(5) F9-B1-F9-B2
Rh2-P4 2.271(5) C00-C56
P1-C118 1.88(2) C00-C59
P1-C18P 1.831(18) C"-C32
P1-C48 1.881(19) C"-C12
P2-C167 1.87(2) C32-C102
P2-C65 1.90(2) C5-C95
P2-C90 1.85(3) C5-C19P
P3-C118 1.843(19) C11-C95
P3-C7P 1.814(17) C11-C15P
P3-C11 1.83(2) C12-C18P
P4-C8P 1.80(2) C9-C109
P4-C66 1.86 (2) C19P-C7P
P4-C76 1.81(2) C23P-C67
P5-C35 1.87(2) C22P-C77
P5-C51 1.85(2) C21P-C14P
P5-C99 1.828(19) C7P-C15P
P6-C109 1.84(2) C11-C66
P6-C190 1.85(3) C19-C90
P6-C81 1.85(2) C8P-C78
P7-C21P 1.831(18) C1P-C88
P7-C35 1.84(2) C1P-C99
P7-C77 1.84(2) C14P-C84
P8-C101 1.90(2) C18P-C36
P8-C23P 1.86 (2) C34-C167
P8-C22P 1.87(2) C36-C102
P9-F9A 1.49(2) C38-C99
P9-F9A 1.49(2) C38-C79
P9-F9-B2 1.51(3) C44-C79
P9-F9-B2 1.51(3) C44-C88
P9-F9-B1 1.49(4) C48-C65
P9-F9-B1 1.49(4) C56-C84
P9-F-9C 1.51(2) C76-C103
P9-F-9C 1.51(2) C80-C81
P10-F10C 1.49(2) C101-C110
P10-F10C 1.49(2) C120-C190
P10-F10A 1.54(2) C122-C190
P10-F10A 1.54(2) C120-C122
1.47(3) 
1.55(2) 
1.56(3) 
1.09(8) 
1.33(3) 
1.40(3) 
1.46(5) 
1.31(5) 
1.19(4) 
1.38(3) 
1.40(3) 
1.42(3) 
1.44(3) 
1.33(3)
1.57(3) 
1.40(3) 
1.55(3)
1.55(3) 
1.37(3)
1.37(3)
1.60(3)
1.60(4)
1.62(3)
1.38(3)
1.38(3)
1.45(3)
1.34(3)
1.57(3)
1.42(3)
1.39(3)
1.40(3)
1.34(4)
1.37(4)
1.50(3)
1.37(3)
1.62(3)
1.49(3)
1.57(4)
1.29(6) 
1.18(6) 
1.48(12)
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Table A.7: Atomic coordinates with Isotropic parameters for 
[Rh2(/77eso-et,ph-P4 )2](PF6)2, 26.
Atom X Y Z Ueg (A2)
Rh1 0.19900(5) -0.05371(5) 0.33356(5) 0.0429(4)
Rh2 0.31226(5) 0.04730(5) 0.39091(5) 0.0407(4)
P1 0.26362(16) -0.07208(16) 0.29383(17) 0.0424(11)
P2 0.16482(18) -0.0588(2) 0.2595(2) 0.0570(15)
P3 0.31165(16) 0.02184(15) 0.31479(17) 0.0390(11)
P4 0.27557(18) 0.10824(16) 0.35766(18) 0.0457(12)
P5 0.22978(17) -0.05755(16) 0.40781(18) 0.0439(12)
P6 0.13815(17) -0.02314(19) 0.37562(19) 0.0537(14)
P7 0.33100(17) -0.01835(16) 0.42675(17) 0.0438(12)
P8 0.3250(2) 0.07800(18) 0.46555(19) 0.0566(14)
P9 0.5 0 0.5072(4) 0.098(3)
P10 0.25 0.25 0.4969(5) 0.090(3)
P11 0.2761(4) 0.0084(4) 0.1080(3) 0.128(4)
C” 0.2752(17) -0.2024(13) 0.316(4) 0.40(7)
C4 0.3231(14) -0.2152(10) 0.3125(18) 0.149(17)
C5 0.4361(7) 0.0782(9) 0.2793(9) 0.070(6)
C6 0.4028(9) 0.0511(8) 0.2062(9) 0.076(7)
C7 0.2592(10) -0.1619(8) 0.309(3) 0.28(4)
C9 0.2089(8) -0.0099(7) 0.4436(8) 0.062(6)
C10 0.3966(7) 0.0640(7) 0.3029(8) 0.060(6)
C12 0.2736(9) 0.0980(9) 0.4982(8) 0.083(8)
C13 0.3534(8) 0.0347(7) 0.5032(8) 0.061(6)
C14 0.3842(6) -0.0476(6) 0.4126(6) 0.040(4)
C16 0.3599(5) 0.0425(5) 0.2808(7) 0.038(4)
C18 0.2629(7) 0.0464(6) 0.2834(8) 0.059(6)
C19 0.1193(10) -0.1406(10) 0.2745(11) 0 .101(10)
C21 0.2191(9) 0.1129(8) 0.3823(9) 0.082(7)
C22 0.2098(7) -0.1101(7) 0.4885(7) 0.057(5)
C29 0.4162(6) -0.0260(7) 0.3856(10) 0.067(6)
C30 0.3634(7) 0.0368(6) 0.2326(7) 0.049(5)
C33 0.2877(6) -0.1281(6) 0.3011(7) 0.048(5)
C34 0.1330(11) -0.0097(12) 0.1761(9) 0.116(12)
C35 0.2915(7) -0.0659(6) 0.4220(7) 0.050(5)
C36 0.3320(9) -0.1386(8) 0.3002(11) 0.095(10)
C38 0.1892(9) -0.1426(8) 0.4160(10) 0.095(9)
C44 0.1781(9) -0.1843(10) 0.4881(14) 0.097(10)
C48 0.2526(8) -0.0683(8) 0.2280(6) 0.064(6)
C56 0.4662(8) -0.0899(8) 0.3937(9) 0.071(6) 
(table cont’d.)
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C59
C65
C66
C67
C76
C77
C78
C79
C80
C81
C84
C88
C90
C95
C99
COO
C101
C102
C103
C109
C110
C118
C120
C122
C167
F9A
F9B1
F9B2
F9C
F10A
F10B
F10C
F11A
F11B
F11C
F11D
F11E
F11F
0.3926(7)
0.2068(7)
0.2669(7)
0.2825(12)
0.2953(8)
0.3314(9)
0.1847(8)
0.1753(11)
0.0897(12)
0.1164(9)
0.4585(8)
0.1942(9)
0.1118(9)
0.4392(8)
0.2066(6)
0.4344(7)
0.3654(9)
0.3464(9)
0.3458(8)
0.1556(6)
0.4113(10)
0.3172(7)
0.054(3)
0.081(2)
0.1510(10)
0.4705(9)
0.540(2)
0.508(3)
0.4712(12)
0.2963(6)
0.2287(11)
0.2307(9)
0.264(2)
0.2612(8)
0.3231(13)
0.2939(18)
0.2923(12)
0.2327(10)
-0.0904(7)
-0.0883(8)
0.0988(6)
0.1151(10)
0.1655(6)
-0 .0110(8)
0.1476(10)
-0.1811(9)
0.0575(10)
0.0305(9)
-0.0485(8)
-0.1475(10)
-0.0917(10)
0.0721(7)
-0.1058(6)
-0.1103(8)
0.1274(8)
-0.1836(9)
0.1711(7)
-0.0114(8)
0.1169(11)
-0.0377(6)
-0.053(4)
-0.090(2)
-0.0052(9)
0.0149(11)
0.031(2)
0.0497(12)
0.0173(13)
0.2257(9)
0.2189(12)
0.2171(9)
-0.0379(12)
0.0254(7)
-0.0042(16)
0.0525(10)
-0.0066(9)
0.019(3)
0.4309(8)
0.2185(9)
0.2930(7)
0.5493(9)
0.3593(8)
0.4918(8)
0.3566(10)
0.4405(11)
0.3866(11)
0.3519(8)
0.3745(9)
0.5121(11)
0.2527(9)
0.2308(10)
0.4396(7)
0.4197(8)
0.4703(7)
0.3048(10)
0.3368(10)
0.4373(7)
0.4438(11)
0.2992(7)
0.416(3)
0.396(2)
0.2286(8)
0.5473(10)
0.505(3)
0.5076(12)
0.4666(11)
0.5002(11)
0.5362(10)
0.4624(11)
0.1205(10)
0.1578(6)
0.1305(9)
0.0985(12)
0.0588(6)
0.0890(11)
0.061(6)
0.070(7)
0.053(5)
0.113(11)
0.064(6)
0.073(7)
0.098(9)
0.100(10)
0.126(13)
0.087(8)
0.080(7)
0.089(10)
0.086(8)
0.068(7)
0.045(5)
0.066(6)
0.072(7)
0.083(8)
0.077(7)
0.059(6)
0.109(10)
0.048(5)
0.23(6)
0.12(2)
0.085(8)
0.216(13)
0.20(3)
0.18(3)
0.249(16)
0.183(11)
0.229(14)
0.207(13)
0.36(3)
0.145(8)
0.271(19)
0.32(3)
0.211(14)
0.47(5)
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Table A.8: Bond angles (°) for [Rh2(/T7eso-et,ph-P4)2](PF6)2, 26.
P3-Rh1-P7 97.40(17)
P3-Rh1-P4 83.15(18)
P7-Rh1-P4 166.29(18)
P3-Rh1-P8 170.3(2)
P7-Rh1-P8 84.45(19)
P4-Rh1-P8 97.3(2)
P1-Rh2-P1 96.19(18)
P1-Rh2-P2 84.44(19)
P1-Rh2-P2 172.9(2)
P1-Rh2-P6 170.45(19)
P1-Rh2-P6 81.85(18)
P2-Rh2-P6 98.7(2)
C21P-P7-C35 98.6(8)
C21P-P7-C77 105.4(10)
C35-P7-C77 99.7(10)
C21 P-P7-Rh1 121.5(6)
C35-P7-Rh1 119.0(7)
C77-P7-Rh1 109.8(8)
C22P-P8-C23P 107.7(11)
C22P-P8-C101 102.9(11)
C23P-P8-C101 102.7(12)
C22P-P8-Rh1 108.0(7)
C23P-P8-Rh1 116.2(8)
C101-P8-Rh1 118.2(7)
C8P-P4-C76 102.2 (11)
C8P-P4-C66 105.3(11)
C76-P4-C66 102.3(9)
C8P-P4-Rh1 109.4(8)
C76-P4-Rh1 126.0(8)
C66-P4-Rh1 109.8(6)
C7P-P3-C11P 102.6(9)
C7P-P3-C118 97.9(9)
C11P-P3-C118 110.0(9)
C7P-P3-Rh1 112.0(6)
C11P-P3-Rh1 109.0(7)
C118-P3-Rh1 123.2(6)
C90-P2-C167 103.1(12)
C90-P2-C65 103.5(11)
C167-P2-C65 104.9(12)
C90-P2-Rh2 119.5(9)
C167-P2-Rh2 117.0(8)
C79-C44-C88 117(3)
C115-C48-P6 107.7(14)
C00-C56-C84 121(2 )
C00-C59-C21P 117.4(19)
C48-C65-P5 106.7(15)
C11P-C66-P3 109.0(13)
C103-C76-P3 112.2(13)
C22P-C77-P1 108.3(15)
C44-C79-C38 122(3)
C80-C81-P8 114.6(19)
C56-C84-C14P 119(2)
C44-C88-C1P 122(3)
C10P-C90-P5 109.3(17)
C32-C95-C11 119(2)
C38-C99-C1P 115.2(19)
C38-C99-P7 122.1(16)
C1P-C99-P7 122.3(15)
C110-C101-P2 110.2(16)
C32-C102-C36 127(3)
C51-C109-P8 112.8(13)
P4-C118-P6 118.3(11)
C190-C120-C122 50(4)
C190-C122-C120 57(4)
C34-C167-P5 116(2)
C122-C190-C 120 74(7)
C122-C190-P8 124(4)
C120-C190-P8 130(5)
F9A-P9-F9A 82(3)
F9A-P9-F9B2 78(3)
F9A-P9-F9B2 101(2 )
F9A-P9-F9B2 101(2 )
F9A-P9-F9B2 78(3)
F9B2-P9-F9B2 179(3)
F9A-P9-F9B1 108(3)
F9A-P9-F9B1 76(3)
F9B2-P9-F9B1 43(3)
F9B2-P9-F9B1 137(3)
F9A-P9-F9B1 76(3)
F9A-P9-F9B1 108(3)
F9B2-P9-F9B1 137(3)
F9B2-P9-F9B1 43(3)
(table cont’d.)
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C65-P2-Rh2 107.1(7) F9B1-P9-F9B1 175(6)
C18P-P1-C118 99.8(9) F9A-P9-F9C 177(2)
C18P-P1-C48 103.4(10) F9A-P9-F9C 98.2(18)
C118-P1-C48 100.9(9) F9B2-P9-F9C 105(3)
C18P-P1-Rh2 119.3(6) F9B2-P9-F9C 76(2)
C118-P1-Rh2 121.6(7) F9B1-P9-F9C 75(3)
C48-P1-Rh2 109.1(8) F9B1-P9-F9C 101(3)
C99-P6-C51 102.7(10) F9A-P9-F9C 98.2(18)
C99-P1-C35 98.6(8) F9A-P9-F9C 177(2)
C9-P1-C35 107.9(9) F9B2-P9-F9C 76(2)
C99-P1-Rh2 109.9(6) F9B2-P9-F9C 105(3)
C51-P1-Rh2 109.2(7) F9B1-P9-F9C 101(3)
C35-P1-Rh2 125.9(7) F9B1-P9-F9C 75(3)
C109-P6-C81 105.6(11) F9C-P9-F9C 82(3)
C109-P6-C190 104.0(14) F10C-P10-F10C 99(3)
C81-P6-C190 99.3(15) F10C-P10-F10A 91.0(14)
C109-P6-Rh2 109.9(6) F10C-P10-F10A 93.4(16)
C81-P6-Rh2 114.9(9) F10C-P10-F10A 93.4(16)
C190-P6-Rh2 121.4(12) F10C-P10-F10A 91.0(14)
C56-C00-C59 123(2) F10A-P10-F10A 173(3)
C32-C1-C12 125(3) F10C-P10-F10B 85.1(17)
C102-C32-C1 111(3) F10C-P10-F10B 175(2)
C95-C31-C19P 119(2) F10A-P10-F10B 83.6(17)
C95-C11-C15P 119(2) F10A-P10-F10B 91.6(17)
C18P-C12-C1 120(3) F10C-P10-F10B 175(2)
C109-C18P-P7 104.3(13) F10C-P10-F10B 85.1(17)
C7P-C19P-C32 125(2) F10A-P10-F10B 91.6(17)
C67-C23P-P2 115(2) F10A-P10-F10B 83.6(17)
C77-C22P-P2 108.1(14) F10B-P10-F10B 91(3)
C14P-C21P-C59 120.9(17) F11F-P11-F11D 93(4)
C14P-C21P-P1 118.6(14) F11F-P11-F11E 90.3(18)
C59-C21P-P1 120.4(14) F11D-P11-F11E 89.4(15)
C15P-C7P-C19P 115.9(17) F11F-P11-F11A 95(3)
C15P-C7P-P4 122.5(14) F11D-P11-F11A 173(3)
C19P-C7P-P4 121.6(15) F11E-P11-F11A 91.0(18)
C66-C11P-P4 104.7(13) F11F-P11-F11B 90.7(18)
C78-C8P-P3 116.8(17) F11D-P11-F11B 88.2(15)
C88-C1P-C99 122(2) F11E-P11-F11B 177.4(14)
C21P-C14P-C84 119(2) F11A-P11-F11B 91.3(15)
C7P-C15P-C11 122(2) F11F-P11-F11C 178(3)
C12-C18P-C36 116(2) F11D-P11-F11C 89(3)
C12-C18P-P6 118.3(17) F11E-P11-F11C 91.3(18)
C36-C18P-P6 125.9(16) F11A-P11-F11C 84(3)
(table cont’d.)
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P1-C35-P7 121.4(11) F11B-P11-F11C 87.7(13)
C18P-C36-C102 121(2) F9B2-F9B1-P9 70(4)
C99-C38-C79 122(2) F9B1-F9B2-P9 68(3)
Table A.9: Crystallographic data and collection parameters for 
[Rh2(meso-et,ph-P4)2](CI)2, 26a.
Formula C51 HggP gCl2Rh2
color amber
fw 1255.8
crystal system Orthorhombic
space group Fdd2
a, A 32.854(5)
b, A 28.176(8)
c, A 25.277(4)
a,9 90
P, 9 90
Y. 9 90
v, A3 23400(10)
z 16
Dc, g cm*3 1.444
crystal size, mm 0.33x0.32x0.20
|i, mm-1 0.90
temp., K 100
Diffractometer Enraf-Nonius CAD4
Radiation wavelength 0.71073A
Radiation type Mo-Ka
Radiaton source sealed tube
Radiation monochromator graphite
scan type e-20
collection range,9 2.5 -  25.0
no. of unique data 5273
no. of observed data 3808
no. of variables 333
R 0.060
Rw 0.050
GOF 0.910
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Table A.10: Bond distances (A) for [Rh2(n7eso-et,ph-P4)2](CI)2, 26a.
Rh1-P6 2.302(3)
Rh1-P2 2.276(4)
Rh1-P5 2.312(4)
Rh1-P1 2.276(3)
Rh2-P7 2.276(4)
Rh2-P8 2.321(4)
Rh2-P3 2.272(4)
Rh2-P4 2.312(4)
P6-C52 1.85(1)
P6-C6 1.84(2)
P6-C8 1.80(1)
P5-C51 1.84(1)
P5-C" 1.82(1)
P5-C13P 1.87(1)
P7-C" 1.83(1)
P7-C4 1.80(1)
P7-C19P 1.81(1)
P8-C5 1.80(1)
P8-C22 1.82(1)
P8-C24 1.84(2)
P2-C17P 1.86(1)
P2-C31 1.84(2)
P2-C33 1.85(1)
P1-C18P 1.85(1)
P1-C' 1.85(1)
P1-C1P 1.83(1)
P3-C' 1.86(1)
P3-C31 1.86(1)
P3-C7P 1.84(1)
P4-C32 1.86(1)
P4-C47 1.85(2)
P4-C49 1.84(2)
C52-C51 1.54(2)
C4-C5 1.54(2)
C6-C7 1.51(2)
C8-C9 1.50(2)
C13P-C18P 1.39(2)
C13P-C14P 1.38(2)
C18P-C17P 1.42(2)
C17P-C16P 1.35(2)
C16P-C15P 1.36(2)
C14PP-C14P 1.40(2)
C19P-C20P 1.41(2)
C19P-C24P 1.41(2)
C20P-C21P 1.39(2)
C21P-C22P 1.40(2)
C22P-C23P 1.35(2)
C23P-C24P 1.38(2)
C22-C23 1.54(2)
C24-C25 1.48(2)
C17P-C18P 1.53(2)
C31-C32 1.52(2)
C31-C32 1.50(2)
C33-C34A 1.53(3)
C33-C34B 1.26(3)
C1P-C36 1.38(2)
C1P-C40 1.37(2)
C36-C37 1.36(2)
C37-C38 1.38(2)
C38-C39 1.35(2)
C39-C40 1.43(2)
C7P-C12P 1.38(2)
C7P-C8P 1.38(2)
C12P-C11P 1.40(2)
C11P-C10P 1.44(2)
C10P-C9P 1.40(2)
C9P-C8P 1.40(2)
C47-C48 1.48(2)
C49-C50 1.57(2)
01S-C1S 1.48(2)
02S-C2S 1.52(5)
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Table A.11: Atomic coordinates with Isotropic parameters for 
[Rh2(meso-et,ph-P4 )2](CI)2, 26a.
Atom X Y Z Uea (/
Rh1 0.46593(3) 0.18592(4) 0 0.0159(4)
Rh2 0.54489(3) 0.30997(4) -0.06242(4) 0.0158(4)
P1 0.4861(1) 0.1873(1) -0.0861(1) 0.016(2)
P2 0.4069(1) 0.2173(1) -0.0355(1) 0 .022 (2)
P3 0.5646(1) 0.2469(1) -0 .1121(1) 0.017(2)
P4 0.5358(1) 0.3477(1) -0.1428(1) 0.023(2)
P5 0.5276(1) 0.1716(1) 0.0379(1) 0.018(2)
P6 0.4411(1) 0.1745(1) 0.0842(1) 0 .022 (2)
P7 0.5587(1) 0.2776(1) 0.0181(1) 0 .020 (2)
P8 0.5182(1) 0.3706(1) -0.0108(1) 0 .022 (2 )
C' 0.5400(4) 0.1877(5) -0.1074(5) 0.024(3)
C" 0.5687(4) 0.2146(4) 0.0306(5) 0.016(3)
C6 0.3982(4) 0.1331(6) 0.0916(6) 0.042(4)
C7 0.4036(5) 0.0859(6) 0.0642(6) 0.042(4)
C8 0.4268(4) 0.2262(5) 0.1216(5) 0.027(4)
C9 0.4132(5) 0.2198(7) 0.1778(7) 0.065(6)
C11 0.4593(4) 0.2355(5) -0.1213(5) 0.022(3)
C12 0.4142(4) 0.2302(5) -0.1070(5) 0.030(4)
C22 0.4664(4) 0.3867(5) -0.0290(6) 0.028(3)
C23 0.4436(5) 0.4208(6) 0.0083(6) 0.045(4)
C24 0.5426(4) 0.4292(5) -0.0037(6) 0.042(4)
C25 0.5862(5) 0.4291(6) 0.0107(7) 0.051(5)
C31 0.5578(4) 0.2598(5) -0.1837(5) 0.021(3)
C31 0.3943(4) 0.2747(5) -0.0046(6) 0.037(4)
C32 0.5628(4) 0.3125(5) -0.1940(5) 0.023(3)
C32 0.3691(5) 0.3100(6) -0.0348(7) 0.050(4)
C33 0.3583(4) 0.1840(5) -0.0368(6) 0.042(4)
C47 0.5578(4) 0.4072(5) -0.1538(6) 0.038(4)
C48 0.6011(4) 0.4099(5) -0.1370(5) 0.034(4)
C49 0.4840(4) 0.3539(6) -0.1689(6) 0.041(4)
C50 0.4798(5) 0.3607(7) -0.2304(7) 0.060(5)
C51 0.5222(4) 0.1708(5) 0.1101(5) 0.026(4)
C52 0.4815(4) 0.1467(5) 0.1246(6) 0.034(4)
C71 0.5184(4) 0.2957(5) 0.0623(5) 0.020(3)
C72 0.5150(4) 0.3500(5) 0.0567(6) 0.034(4)
C 1P 0.4684(4) 0.1350(4) -0.1221(5) 0.018(3)
C2P 0.4525(4) 0.0960(6) -0.0961(6) 0.036(4)
C3P 0.4389(4) 0.0567(6) -0.1215(6) 0.040(4)
(table cont’d.)
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C4P 0.4405(4) 0.0549(5) -0.1760(5) 0.031(4)
C5P 0.4568(4) 0.0913(5) -0.2034(5) 0.033(4)
C6 P 0.4702(4) 0.1331(5) -0.1763(5) 0.026(3)
C7P 0.6186(4) 0.2302(5) -0.1102(5) 0.022(3)
C8 P 0.6319(4) 0.1853(5) -0.0976(5) 0.023(3)
C9P 0.6731(4) 0.1750(5) -0.0903(6) 0.033(4)
C10P 0.7022(5) 0.2105(6) -0.0982(6) 0.045(5)
C11P 0.6888(5) 0.2570(6) -0.1137(7) 0.053(5)
C12P 0.6471(5) 0.2659(6) -0.1169(6) 0.043(4)
C13P 0.5545(4) 0.1143(4) 0.0257(5) 0.019(3)
C18P 0.5965(4) 0.1108(5) 0.0291(5) 0.028(4)
C17P 0.6158(4) 0.0662(5) 0.0200(5) 0.028(3)
C16P 0.5925(4) 0.0285(5) 0.0077(6) 0.030(4)
C15P 0.5510(5) 0.0300(6) 0.0054(7) 0.052(5)
C14P 0.5327(5) 0.0743(5) 0.0116(6) 0.045(4)
C19P 0.6054(4) 0.3000(5) 0.0468(5) 0.024(3)
C20P 0.6385(4) 0.3116(5) 0.0135(5) 0.032(4)
C21P 0.6758(4) 0.3245(5) 0.0350(5) 0.030(4)
C22P 0.6810(4) 0.3240(5) 0.0899(5) 0.024(3)
C23P 0.6493(4) 0.3146(5) 0.1220(5) 0.025(3)
C24P 0.6117(4) 0.3024(5) 0.1019(5) 0.025(3)
C34A 0.3222(7) 0.1981(9) -0.072(1) 0 .020(6 )
C34B 0.3589(8) 0.143(1) -0.056(1) 0.033(8)
CM 0.5304(1) 0.2726(1) 0.2164(2) 0.045(2)
CI2 0.3168(1) 0.2173(1) 0.0928(3) 0.053(3)
01S 0.4884(3) 0.3664(4) 0.1885(4) 0.046(3)
C 1S 0.4466(4) 0.3512(6) 0.1749(6) 0.041(4)
02S 0.2231(8) 0.226(1) -0.085(1) 0.087(9)
C2S 0.235(1) 0.266(1) -0 .122(1) 0.07(1)
01W 0.25 0.25 0.0134(9) 0.116(8)
02W 0.5 0.5 -0.0830(6) 0.062(5)
The site occupancy values for atoms 34A, 34B, 01S, C1S.02S, C2S, 
0 1 W, and 02w are 0.5 each, for this complex.
Table A.12: Bond angles (°) for [Rh2(meso-et,ph-P4)2](CI)2, 26a.
Rh1-P6-C8 117.7(5) P6-C52-C51 108(1)
Rh1-P6-C6 117.0(5) P6-C6-C7 114(1)
Rh1-P6-C52 108.4(5) P6-C8-C9 118(1)
Rh1-P5-C51 109.5(4) P6-Rh1-P1 171.9(1)
Rh1-P5-C13P 120.4(4) P6-Rh1-P2 96.6(1)
(table cont’d.)
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Rh1-P5-C" 119.9(4)
Rh1-P2-C33 122.4(5)
Rh1-P2-C31 111.0(5)
Rh1-P2-C17P 110.1(5)
Rh1-P1-C1P 111.6(4)
Rh1-P1-C18P 109.5(4)
Rh1-P1-C' 123.9(4)
Rh2-P8-C5 108.5(5)
Rh2-P8-C24 123.3(5)
Rh2-P8-C22 113.2(5)
Rh2-P7-C71 107.2(4)
Rh2-P7-C19P 112.8(4)
Rh2-P7-C“ 125.2(4)
Rh2-P4-C49 118.7(5)
Rh2-P4-C47 120.0(5)
Rh2-P4-C32 107.8(4)
Rh2-P3-C7P 117.5(4)
Rh2-P3-C31 110.6(4)
Rh2-P3-C' 122.8(4)
P1-C18P-C17P 106.1(9)
P1-C1P-C2P 122(1)
P1-C1P-C6P 121(1)
P1-C-P3 116.2(7)
P2-C17P-C18P 111.9(9)
P2-C31-C32 119(1)
P2-C33-C34A 122(1)
P2-C33-C34B 117(1)
P2-Rh1-P1 82.3(1)
P3-C31-C32 110.2(9)
P3-C7P-C12P 117(1)
P3-C7P-C8P 123(1)
P3-Rh2-P4 84.9(1)
P4-C47-C48 112(1)
P4-C49-C50 116(1)
P5-C"-P3 121.9(7)
P5-C13P-C15 120(1)
P5-C13P-C18P 122(1)
P5-C51-C52 108.9(9)
P5-Rh1-P1 98.4(1)
P5-Rh1-P2 167.8(1)
P6-Rh1-P5 84.4(1)
P7-C19P-C20P 120(1)
P7-C19P-C24P 122(1)
P7-C71-C72 106.1(9)
P7-Rh2-P3 97.2(1)
P7-Rh2-P4 174.7(1)
P7-Rh2-P8 82.3(1)
P8-C22-C23 117(1)
P8-C24-C25 116(1)
P8-C32-C31 110.6(9)
P8-C72-C71 114(1)
P8-Rh2-P3 174.0(1)
P8-Rh2-P4 96.1(1)
C16P-C14-C15 116(1)
C20P-C19P-C24P 117(1)
C2P-C1P-C6P 117(1)
C18P-C13P-C15 118(1)
C18P-C17P-C16P 118(1)
C12P-C7P-C8P 118(1)
C12P-C11P-C10P 118(1)
C11P-C10P-C9P 118(1)
C13P-C18P-C17P 119(1)
C20P-C21P-C22P 119(1)
C2P-C3P-C4P 119(1)
C3P-C4P-C5P 119(1)
C1P-C6P-C5P 119(1)
C10P-C9P-C8P 119(1)
C19P-C20P-C21P 120(1)
C21P-C22P-C23P 120(1)
C19P-C24P-C23P 120(1)
C4P-C5P-C6P 120(1)
C22P-C23P-C24P 121(1)
C7P-C12P-C11P 121(1)
C7P-C8P-C9P 121(1)
C13P-C15-C14 122(1)
C1P-C2P-C3P 123(1)
C17P-C16P-C14 123(1)
C34A-C33-C34B 91(1)
C"-P7-C19P 96.7(6)
C-P1-C1P 99.5(6)
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Table A.13: Crystallographic data and collection parameters for
[Rh2(rac-etIph-P4)2](BF4)2, 28.
Formula ^50^80®2^8^ 8 ^ 2
color yellow
fw 1308.34
crystal system Monoclinic
space group Cc
a, A 15.651(3)
b, A 16.048(3)
c, A 24.022(5)
a ,9 90
P, 9 108.18(3)
Y. 9 90
v , A3 5732(2)
z 4
Dc, g cm*3 1.516
crystal size, mm 0.48 x 0.25 x 0.23
\x, mm-1 0.859
temp., K 100
Diffractometer Enraf-Nonius CAD4
Radiation wavelength 0.71073A
Radiation type Mo-Ka
Radiaton source sealed tube
Radiation monochromator graphite
scan type e -2 0
collection range, 9 2.5 -  30.0
no. of unique data 8531
no. of observed data 7681
no. of variables 631
R 0.038
Rw 0.095
GOF 1.041
Table A.14: Bond distances (A) for [Rh2(rac-et,ph-P4 )2](BF4)2, 28.
Rh1-P6 2.2482(14) C1P-C18 1.387(8)
Rh1-P7 2.2668(13) C 1P-C7P 1.403(7)
Rh1-P1 2.3002(15) C7P-C15 1.387(8)
Rh1-P2 2.3042(15) C15-C4P
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Rh2-P8 2.298(2) C4P-C3P 1.374(9)
Rh2-P4 2.3017(13) C3P-C18 1.390(9)
Rh2-P4 2.3171(14) C13P-C18P 1.395(7)
Rh2-P3 2.3297(14) C13P-C14P 1.399(7)
P1-C7 1.825(6) C14P-C15P 1.388(7)
P1-C5 1.829(6) C15P-C16P 1.393(9)
P1-C52 1.853(5) C16P-C17P 1.387(9)
P2-C9 1.840(6) C17P-C18P 1.387(8)
P2-C11 1.842(6) C19P-C20P 1.385(7)
P2-C12 1.844(6) C19P-C24 1.391(7)
P3-C7 1.839(6) C24-C23P 1.417(8)
P3-C31 1.845(5) C23P-C22P 1.368(8)
P4-C13P 1.831(5) C22P-C21P 1.385(9)
P4-C51 1.844(5) C21P-C20P 1.400(8)
P4-C19P 1.843(5) C7-C8P 1.378(8)
P4-C39 1.870(5) C7-C12P 1.389(8)
P1-C1P 1.823(5) C12P-C11P 1.386(9)
P4-C32 1.832(6) C11P-C10P 1.355(11)
P4-C43 1.833(6) C10P-C9P 1.386(10)
P4-C41 1.843(6) C9P-C8P 1.413(8)
P8-C45 1.821(6) C31-C32 1.539(8)
P8-C47 1.830(6) C39-C40 1.529(8)
P8-C40 1.862(6) C41-C42 1.545(9)
C'-P6 1.840(5) C43-C44 1.509(9)
C'-P3 1.857(5) C45-C46 1.550(10)
C"-P5 1.845(5) C47-C48 1.527(9)
C“-P4 1.838(5) B2-F7 1.381(8)
C11-C12 1.537(8) B2-F6 1.384(9)
C11-P6 1.849(5) B2-F8 1.385(8)
C52-C51 1.527(7) B2-F5 1.388(8)
C5-C6 1.539(9) B1-F1 1.356(9)
C7-C8 1.517(8) B1-F2 1.362(9)
C9-C10 1.513(10) B1-F4 1.370(8)
C11-C12 1.513(9) B1-F3 1.379(9)
Table A.15: Atomic coordinates with Isotropic parameters for 
[Rh2(rac-et,ph-P4 )2](BF4)2, 28.
Atom
Rh1
Rh2
P1
0.54137(2)
0.49356(2)
0.68097(9)
0.34163(2)
0.21266(2)
0.40179(8)
0.43302(2)
0.63133(2)
0.45212(6)
Ueg (A2) 
0.01581(8) 
0.01650(8) 
0.0194(2) 
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P2 0.53821(10) 0.27803(9) 0.34641 (6 ) 0.0225(3)
P3 0.52430(9) 0.15658(8) 0.55017(6) 0.0184(2)
P4 0.53027(8) 0.42895(8) 0.50462(5) 0.0152(2)
P5 0.47603(8) 0.35384(8) 0.61483(6) 0.0162(2)
P6 0.42385(8) 0.25881(8) 0.42929(6) 0.0164(2)
P7 0.54238(10) 0.08383(8) 0.67261 (6 ) 0.0211(3)
P8 0.42932(10) 0.24181(8) 0.70305(6) 0.0227(3)
C' 0.4540(3) 0.4199(3) 0.5490(2) 0.0158(8)
C" 0.4567(3) 0.1620(3) 0.4715(2) 0.0191(9)
C1 0.3745(4) 0.2183(4) 0.3540(2) 0.0237(11)
C2 0.4489(4) 0.1983(3) 0.3268(3) 0.0259(11)
C3 0.7004(3) 0.4754(3) 0.5143(2) 0 .0211 (10)
C4 0.6448(3) 0.4503(3) 0.5537(2) 0.0197(9)
C5 0.7669(4) 0.3212(4) 0.4780(3) 0.0297(12)
C6 0.8635(4) 0.3510(5) 0.5091(4) 0.050(2)
C7 0.7197(4) 0.4611(4) 0.3997(3) 0.0295(12)
C8 0.6611(5) 0.5355(4) 0.3737(3) 0.0340(13)
C9 0.5104(5) 0.3490(4) 0.2831(3) 0.0331(14)
C10 0.4206(6) 0.3929(5) 0.2700(3) 0.046(2)
C11 0.6340(4) 0.2229(4) 0.3341(3) 0.0310(13)
C12 0.6684(5) 0.1500(4) 0.3748(3) 0.0373(14)
C13 0.3220(3) 0.2935(3) 0.4439(2) 0.0201(9)
C14 0.2780(4) 0.3630(4) 0.4124(3) 0.0272(11)
C15 0.2000(4) 0.3938(4) 0.4207(3) 0.0358(14)
C16 0.1637(4) 0.3546(5) 0.4597(3) 0.039(2)
C17 0.2061(4) 0.2861(4) 0.4904(3) 0.037(2)
C18 0.2855(4) 0.2563(4) 0.4835(3) 0.0281(12)
C20 0.4474(4) 0.5397(3) 0.4136(2) 0.0229(10)
C21 0.4227(4) 0.6174(4) 0.3886(3) 0.0289(12)
C22 0.4462(4) 0.6891(4) 0.4226(3) 0.0289(12)
C23 0.4940(4) 0.6820(3) 0.4817(3) 0.0264(11)
C24 0.5178(4) 0.6043(3) 0.5070(2) 0.0228(10)
C25 0.5707(3) 0.4106(3) 0.6660(2) 0.0171(9)
C26 0.5678(4) 0.4965(3) 0.6726(2) 0.0204(10)
C27 0.6437(4) 0.5392(3) 0.7094(2) 0.0234(11)
C28 0.7193(4) 0.4955(4) 0.7390(2) 0.0285(12)
C29 0.7217(4) 0.4097(4) 0.7335(2) 0.0281(12)
C30 0.6470(4) 0.3671(4) 0.6972(2) 0.0230(10)
C31 0.6431(4) 0.1602(3) 0.5532(2) 0.0233(10)
C32 0.6785(4) 0.1071(4) 0.5204(3) 0.0335(14)
C33 0.7706(5) 0.1012(5) 0.5310(3) 0.042(2)
C34 0.8272(5) 0.1472(5) 0.5742(3) 0.042(2)
C35 0.7959(4) 0.2022(4) 0.6079(3) 0.0355(14) 
(table cont’d.)
148
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C36 0.7018(4) 0.2079(4) 0.5961 (3) 0.0264(11)
C37 0.5129(4) 0.0430(3) 0.5576(2) 0.0251(11)
C38 0.5715(4) 0.0171(3) 0.6194(3) 0.0281(12)
C39 0.3785(4) 0.3887(3) 0.6382(3) 0.0233(10)
C40 0.3903(4) 0.3519(3) 0.6989(3) 0.0266(12)
C41 0.6482(4) 0.0922(4) 0.7337(3) 0.0316(13)
C42 0.6949(5) 0.0088(4) 0.7569(3) 0.047(2)
C43 0.4737(4) 0.0134(3) 0.7011 (3) 0.0269(12)
C44 0.3895(4) -0.0161(4) 0.6548(3) 0.0371(15)
C45 0.3256(4) 0.1841(4) 0.6938(3) 0.0311(13)
C47 0.4849(5) 0.2273(4) 0.7816(3) 0.0302(12)
C48 0.5717(5) 0.2764(4) 0.8077(3) 0.041(2)
B1 0.4444(6) -0.0357(5) 0.3714(3) 0.034(2)
B2 0.5631(6) 0.2241(4) 0.1523(3) 0.0323(15)
F1 0.4931(6) -0.0268(5) 0.4287(2) 0.147(4)
F2 0.4050(5) -0.1123(3) 0.3623(4) 0.096(2)
F3 0.5040(3) -0.0295(3) 0.3398(2) 0.0542(11)
F4 0.3810(2) 0.0262(2) 0.3583(2) 0.0399(9)
F5 0.5415(3) 0.3074(2) 0.1398(2) 0.0438(10)
F6 0.4957(3) 0.1872(3) 0.1697(2) 0.0533(12)
F7 0.5706(3) 0.1861(3) 0.1024(2) 0.0504(11)
F8 0.6437(3) 0.2183(3) 0.1973(2) 0.0540(13)
Table A.16: Bond angles (°) for [Rh2(rac-et,ph-P4 )2](BF4)2, 28.
P6-Rh1-P2 96.74(6) C1P-P1-C' 105.2(2)
P5-Rh1-P6 83.23(5) C113-P1-C11 99.9(2)
P5-Rh1-P2 166.87(5) C-P1-C11 101.7(2)
P1-Rh1-P5 98.06(5) C1P-P1-Rh1 124.4(2)
P1-Rh1-P6 166.03(5) C'-P1-Rh1 113.2(2)
P1-Rh1-P2 85.15(6) C11-P1-Rh1 109.5(2)
P7-Rh2-P4 163.28(5) C32-P4-C43 101.7(3)
P7-Rh2-P3 106.31(5) C32-P4-C41 104.0(3)
P4-Rh2-P3 83.50(5) C43-P4-C41 103.5(3)
P8-Rh2-P7 82.66(5) C32-P4-Rh2 110 .1(2)
P8-Rh2-P4 91.36(5) C43-P4-Rh2 123.8(2)
P8-Rh2-P3 163.56(5) C41-P4-Rh2 111.7(2)
P1-C-P3 124.9(3) C8-C7-P6 114.0(4)
P5-C"-P7 124.1(3) C45-P8-C47 100.4(3)
C7-P6-C5 103.7(3) C45-P8-C40 102.2(3)
C7-P6-C52 102.5(3) C47-P8-C40 102.6(3)
C5-P6-C52 105.0(3) C45-P8-Rh2 112.7(2) 
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C7-P6-Rh1 125.5(2) C47-P8-Rh2 124.7(2)
C5-P6-Rh1 108.8(2) C40-P8-Rh2 111.5(2)
C52-P6-Rh1 109.6(2) C10-C9-P2 115.2(5)
C12-C1-P1 110.5(4) C12-C11-P2 114.3(4)
F1-B1-F2 110.0 (8 ) C2P-C1P-C6P 118.3(5)
F1-B1-F4 107.1(6) C2P-C1P-P1 124.9(4)
F2-B1-F4 111.0(7) C6 P-C1P-P1 116.8(4)
F1-B1-F3 106.8(7) C5P-C6P-C1P 120.8 (6 )
F2-B1-F3 109.0(6) C6P-C5P-C4P 120.0 (6 )
F4-B1-F3 112.8 (6 ) C3P-C4P-C5P 119.6(6)
C9-P2-C11 99.2(3) C4P-C3P-C2P 120.7(6)
C9-P2-C12 104.6(3) C1P-C2P-C3P 120.6 (6 )
C11-P2-C12 102.4(3) C18P-C13P-C14P 118.8(5)
C9-P2-Rh1 113.9(2) C18P-C13P-P5 121.5(4)
C11-P2-Rh1 124.7(2) C14P-C13P-P5 119.7(4)
C12-P2-Rh1 109.8(2) C15P-C14P-C13P 120.6(5)
C11-C112-P2 111.1(4) C14P-C15P-C16P 120.1(5)
F7-B2-F6 110.7(6) C17P-C16P-C15P 119.5(5)
F7-B2-F8 110.1(6 ) C16P-C17P-C18P 120.5(5)
F6-B2-F8 109.2(6) C17P-C18P-C13P 120.5(5)
F7-B2-F5 108.5(5) C20P-C19P-C24P 119.4(5)
F6-B2-F5 108.7(6) C20P-C19P-P5 119.3(4)
F8-B2-F5 109.5(6) C24P-C19P-P5 121.2(4)
C7P-P3-C31 98.9(3) C 19P-C24P-C23P 120.0(5)
C7P-P3-C' 106.7(2) C22P-C23P-C24P 119.8(5)
C31-P3-C' 95.9(2) C23 P-C22 P-C2 1P 120.4(5)
C7P-P3-Rh2 115.1(2) C22P-C21P-C20P 120.1(5)
C31-P3-Rh2 104.4(2) C19P-C20P-C21P 120.2(5)
C'-P3-Rh2 129.2(2) C8P-C7P-C32 118.3(5)
C4-C52-P1 110.4(3) C8P-C7P-P3 118.5(4)
C13P-P5-C" 98.6(2) C32-C7P-P3 122.4(5)
C13P-P5-C4 101.5(2) C33-C32-C7P 120.8 (6 )
C"-P5-C4 108.7(2) C34-C33-C32 119.9(6)
C13P-P5-Rh1 109.2(2) C33-C34-C35 121.9(6)
C"-P5-Rh1 127.5(2) C34-C35-C8P 117.4(6)
C4-P5-Rh1 108.1(2) C7P-C8P-C35 121.6 (6 )
C52-C4-P5 106.3(3) C32-C31-P3 108.3(4)
C19P-P7-C" 100.6 (2 ) C31-C32-P7 108.2(4)
C19P-P7-C39 102.3(2) C40-C39-P5 107.7(4)
C"-P7-C39 97.7(2) C39-C40-P8 111.0(4)
C19P-P7-Rh2 110.1(2 ) C42-C41-P7 115.5(4)
C'‘-P7-Rh2 133.9(2) C46-C45-P8 114.1(4) 
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C39-P7-Rh2 107.9(2) C48-C47-P8 115.7(4)
C6-C5-P6 116.9(5)
Table A.17: Crystallographic data and collection parameters for 
[RhCI2(rac-et,ph-P4)]BF4*C7H8, 32a.
Formula RhC32H48BF4P4Cl2
color yellow
fw, g mol' 1 817.25
crystal system monoclinic
space group P2 i
a, A 10.885(5)
b, A 14.577(6)
c, A 12.064(6)
a, ° 90
P, ° 92.72(3)
Y, ° 90
V, A3 1912(3)
Z 2
Dc, g crrr3 1.42
crystal size, mm 0.50 x 0.25 x 0.01
Diffractometer Enraf-Nonius CAD4
Radiation wavelength 1.54184A
Radiation type Cu-Ka
Radiaton source sealed tube
Radiation monochromator graphite
p, mm-1 6.98
temp., K 100
scan type 0 - 2 0
collection range, ° 2.5 -  70.0
no. of unique data 3783
no. of observed data 2102
no. of variables 328
R 0.083
Rw 0.074
GOF 1.964
Table A.18: Bond distances (A) for [RhCI2(rac-et,ph-P4)]BF4-C7H8, 32a.
Rh-CI1 2.422(5) C6-C7 1.44(4)
Rh-CI2 2.424(6) C8-C9 1.36(5)
Rh-P1 2.325(6) C10-C11 1.40(4)
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Rh-P2 2.256(6) C10-C15 1.24(3)
Rh-P3 2.250(6) C11-C12 1-71(4)
Rh-P4 2.349(6) C12-C13 1.12(5)
P1-C1 1.87(2) C12-C14 1.84(5)
P1-C6 1.75(2) C13-C14 113(4)
P1-C8 1.82(2) C14-C15 1.40(3)
P2-C2 1.76(2) C16-C17 1.36(3)
P2-C3 1.85(2) C16-C21 1.35(3)
P2-C16 1.79(2) C17-C18 1.55(3)
P3-C3 1.83(2) C18-C19 1.27(3)
P3-C4 1.82(2) C19-C20 1.37(4)
P3-C10 1 -77(2) C20-C21 1.33(3)
P4-C5 1.83(2) C22-C23 1.61(4)
P4-C22 1.80(3) C24-C25 1.53(4)
P4-C24 1.82(3) C26-C27 1.51(5)
F1-B2 1.50(3) C26-C31 1.48(6)
F2-B1 0.68(5) C26-C32 1.55(6)
F2-B2 0.71(5) C27-C28 1.57(5)
F3-B2 1.44(2) C28-C29 1.25(5)
F4-B1 1.68(3) C29-C30 1.30(6)
F4-B2 1.38(3) C30-C31 1.56(5)
C1-C2 1.54(3) B1-B2 0.8
C4-C5 1.45(3)
Table A.19: Atomic coordinates with Isotropic parameters for 
[RhCI2(rac-et,ph-P4 )]BF4*C7H8, 32a.
Atom X 1 z Uea (A2)
Rh 0.9478(1) 0 0.6513(1) 0.0366(6)
CI1 1.0417(6) 0.0284(4) 0.8341(4) 0.059(4)
CI2 0.9699(6) 0.1568(4) 0.5882(5) 0.052(4)
P1 1.1384(5) -0.0242(4) 0.5772(5) 0.041(3)
P2 0.9407(6) -0.1540(4) 0.6690(5) 0.045(3)
P3 0.8320(6) -0.0522(4) 0.5053(5) 0.045(3)
P4 0.7573(6) 0.0305(4) 0.7272(5) 0.052(4)
C1 1.154(2) -0.150(2) 0.552(2) 0.05(1)
C2 1.088(2) -0.198(2) 0.646(2) 0.06(2)
C3 0.840(3) -0.174(1) 0.544(2) 0.04(1)
C4 0.672(2) - 0 .0 2 0 ( 1 ) 0.517(2) 0.05(1)
C5 0.638(2) -0.018(2) 0.632(2) 0.061(7)
C6 1.171(2) 0.024(2) 0.449(2) 0.06(2)
C7 1.283(3) -0.003(3) 0.399(2) 0 .1 2 ( 2 )
C8 1.273(2) 0 .0 0 1 ( 2 ) 0.667(2) 0.07(2) 
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C9 1.295(2) 0.091(3) 0.693(2) 0 .12(2 )
C10 0.870(2) -0.034(1) 0.366(2) 0.04(1)
C11 0.926(2) -0 .102(2 ) 0.304(2) 0.08(2)
C12 0.959(2) -0.053(3) 0.180(2) 0 .12(2 )
C13 0.915(4) 0.009(3) 0.141(2) 0.13(2)
C14 0.881(3) 0.056(2) 0.208(2) 0.09(2)
C15 0.846(2) 0.039(2) 0.316(2) 0.05(2)
C16 0.894(2) -0 .221 (2) 0.784(2) 0.06(2)
C17 0.787(2) -0.269(2) 0.771(2) 0.06(2)
C18 0.748(2) -0.328(2) 0.870(2) 0.07(2)
C19 0.813(3) -0.323(2) 0.960(2) 0 .10(2 )
C20 0.915(2) -0.268(2) 0.968(2) 0.06(2)
C21 0.950(2) -0.214(2) 0 .886(2 ) 0.07(2)
C22 0.728(2) -0.015(2) 0.863(2) 0.07(2)
C23 0.595(3) 0.008(3) 0.910(2) 0 .12(2 )
C24 0.716(2) 0.152(2) 0.728(2) 0.08(2)
C25 0.792(3) 0.208(2) 0.812(2) 0.09(2)
C26 0.490(3) -0.131(3) 1.138(3) 0.16(2)
C27 0.385(3) -0.071(3) 1.097(3) 0.14(1)
C28 0.313(3) -0.115(3) 0.995(3) 0.15(2)
C29 0.343(3) -0.178(3) 0.930(3) 0.13(1)
C30 0.447(4) -0.219(4) 0.951(3) 0.19(2)
C31 0.529(4) -0.202(3) 1.059(3) 0.18(2)
C32 0.573(4) -0.107(5) 1.242(4) 0.24(2)
B1 0.5699 -0.2792 0.5619 0.2533
B2 0.4986 -0.2732 0.5743 0.2533
F1 0.473(3) -0 .211(2) 0.669(2) 0.26(1)
F2 0.541(4) -0.306(4) 0.599(3) 0.47(3)
F3 0.373(2) -0.303(2) 0.563(2) 0.19(1)
F4 0.474(3) -0 .201(2) 0.503(3) 0.30(2)
Table A.20: Bond angles (°) for [RhCl2(rac-etJph-P4 )]BF4-C7H8, 32a.
Rh-P4-C5 107.0(7) F2-B1-B2 56(4)
Rh-P4-C24 113.9(9) F1-B2-F2 102(3)
Rh-P4-C22 118.7(8) F4-B1-B2 54(1)
Rh-P3-C4 110.7(7) C27-C28-C29 130(3)
Rh-P3-C3 96.3(7) C26-C27-C28 111(3)
Rh-P3-C10 123.1(7) C28-C29-C30 117(3)
Rh-P2-C3 95.7(7) P4-C22-C23 116(1)
Rh-P2-C2 108.1(9) C16-C21-C20 119(2)
Rh-P2-C16 128.9(9) P4-C24-C25 113(1)
Rh-P1-C8 116.6(8) C16-C17-C18 117(1)
Rh-P1-C6 120.1(8) C17-C16-C21 119(2) 
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Rh-P1-Cl 107.5(7) P2-C16-C21 122(1)
P4-C5-C4 113(1) P2-C16-C17 117(1)
P3-Rh-P4 84.1(2) F4-B2-B1 97(1)
P3-C4-C5 111(1) C10-C15-C14 122(2)
P2-Rh-P4 96.7(2) C13-C14-C15 131(3)
P2-Rh-P3 73.6(2) F3-B2-B1 150(1)
P2-C3-P3 94(1) F3-B2-F4 91(1)
P2-C2-C1 114(1) C12-C14-C15 99(1)
P1-Rh-P4 177.8(2) C12-C14-C13 34(1)
P1-Rh-P3 97.1(2) C12-C13-C14 110(2)
P1-Rh-P2 85.4(2) F2-B2-B1 53(3)
P1-C1-C2 105(1) C13-C12-C14 35(1)
CI2-Rh-P4 92.7(2) C11-C12-C14 95(1)
CI2-Rh-P3 97.6(2) C11-C12-C13 127(2)
CI2-Rh-P2 166.3(2) C10-C11-C12 106(2)
CI2-Rh-P1 85.3(2) C11-C10-C15 116(2)
CI1-Rh-P4 87.4(2) P3-C10-C15 122(1)
CI1-Rh-P3 165.4(2) P3-C10-C11 121(1)
CI1-Rh-P2 95.7(2) P1-C8-C9 117(2)
CI1-Rh-P1 91.7(2) P1-C6-C7 118(1)
CI1-Rh-CI2 94.7(2) C19-C20-C21 123(2)
C6-P1-C8 104(1) F1-B2-F4 88 (1)
C5-P4-C24 102(1) F1-B2-F3 93(1)
C5-P4-C22 106(1) F2-B1-F4 111(4)
C4-P3-C10 108(1) C29-C30-C31 123(3)
C3-P3-C4 105(1) C26-C31-C30 118(3)
C3-P3-C10 112(1) C31-C26-C32 120(3)
C3-P2-C16 111(1) C27-C26-C31 115(2)
C2-P2-C3 108(1) C27-C26-C32 122(3)
C2-P2-C16 102(1) C18-C19-C20 120(2 )
C1-P1-C8 102(1) C17-C18-C19 117(2)
C 1-P1-C6 103(1) F2-B2-F4 150(4)
B1-F4-B2 28.2(7) F2-B2-F3 115(4)
B1-F2-B2 70(4)
Table A.21: Crystallographic data and collection parameters for 
[RhCI2(rac-et, ph-P4)]BF4*CH3OH, 32b.
Formula RhC26H440BF4P4Cl2
color yellow
fw, g mol' 1 757.15
crystal system monoclinic
(table cont’d.)
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space group P2-j/n
a, A 10.696(1)
b, A 14.457(2)
(table cont’d.)
c, A 21.600(2)
a, ° 90
P, ° 98.048(8)
Y, ° 90
V, A3 3307(1)
Z 4
Dc, g cm' 3 1.521
crystal size, mm 0.60 x 0.23 x 0.20
Diffractometer Enraf-Nonius CAD4
Radiation wavelength 0.71073A
Radiation type Mo-Ka
Radiaton source sealed tube
Radiation monochromator graphite
(x, mm' 1 0.903
temp., K 100
scan type 0 - 2 0
collection range, ° 2.5 -  27.5
no. of unique data 7606
no. of observed data 4881
no. of variables 352
R 0.077
Rw 0.066
GOF 1.492
Table A.22: Bond distances (A) for [RhCl2(rac-et,ph-P4 )]BF4-CH3OH, 
32b.
Rh-CI1 2.405(2) F3-B 1-34(1)
Rh-CI2 2.432(2) F4-B 1.38(1)
Rh-P1 2.360(3) 01S-C1S 1.44(1)
Rh-P2 2.251(2) C1-C2 1.53(1)
Rh-P3 2.251(2) C4-C5 1.54(1)
Rh-P4 2.359(2) C6-C7 1.54(1)
P1-C1 1.835(9) C10-C11 1.37(1)
P1-C6 1.820(9) C10-C15 1.38(1)
P1-C8 1.835(9) C 11-C12 1.38(1)
P2-C2 1.841(8) C12-C13 1-37(1)
P2-C3 1.828(8) C13-C14 1.36(1)
P2-C10 1.827(8) C14-C15 1-37(1)
P3-C3 1.858(8) C16-C17 1.38(1) 
(table confd.)
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C24 0.4509(8) 0.1894(7) 0.1663(4) 0.024(5)
C25 0.4324(9) 0.0846(7) 0.1635(5) 0.035(6)
C1S 1.227(1) 0.3721(8) 0.4060(5) 0.046(7)
B 1.266(1) 0.4642(7) 0.2011(5) 0.025(6)
F1 1.3036(5) 0.3982(4) 0.1564(3) 0.043(3)
F2 1.2851(5) 0.4207(4) 0.2568(2) 0.038(3)
F3 1.3391(6) 0.5391(4) 0.1968(3) 0.051(4)
F4 1.1404(5) 0.4817(4) 0.1813(3) 0.033(3)
0 1 s 1.2585(6) 0.4440(5) 0.4517(3) 0.037(4)
Table A.24: Bond angles (°) for [RhCl2(rac-et,ph-P4 )]BF4-CH3 0 H, 32b.
Rh-P4-C5 106.8(3) F3-B-F4 112.3(8)
Rh-P4-C22 119.6(3) F1-B-F2 105.5(8)
Rh-P3-C4 109.9(3) P4-C24-C25 113.2(6)
Rh-P3-C3 95.9(3) F1-B-F3 105.6(8)
Rh-P3-C16 128.3(3) C17-C18-C19 120.3(9)
Rh-P2-C3 96.7(3) C16-C17-C18 121.3(8)
Rh-P2-C2 110.9(3) C18-C19-C20 118.6(9)
Rh-P2-C10 125.7(3) C10-C15-C14 119.6(9)
Rh-P1-C8 119.3(3) C13-C14-C15 119.6(9)
Rh-P1-C6 114.8(3) C12-C13-C14 121.3(9)
Rh-P1-C1 106.5(3) C11-C12-C13 119.6(9)
P3-Rh-P4 84.32(8) C10-C11-C12 119.0(8)
P2-Rh-P4 95.81(8) C11-C10-C15 120.9(8)
P2-Rh-P3 73.46(8) P2-C10-C15 122.5(6)
P1-Rh-P4 178.23(8) P2-C10-C11 116.6(6)
P1-Rh-P3 97.38(8) P1-C8-C9 114.2(6)
P1-Rh-P2 84.19(8) P4-C5-C4 108.9(6)
CI2-Rh-P4 91.96(8) P3-C4-C5 108.9(5)
CI2-Rh-P3 97.57(8) P2-C3-P3 93.8(4)
CI2-Rh-P2 167.42(9) P2-C2-C1 107.3(5)
CI2-Rh-P1 88.34(8) P1-C1-C2 111.3(6)
CI1-Rh-P4 86.95(8) C22-P4-C24 104.9(4)
CI1-Rh-P3 165.61(8) C5-P4-C24 104.4(4)
CI1-Rh-P2 96.14(8) C5-P4-C22 105.1(4)
CI1-Rh-P1 91.29(8) Rh-P4-C24 114.7(3)
CI1-Rh-CI2 94.14(8) P3-C16-C17 121.8(7)
C1-P1-C6 104.2(4) P3-C16-C21 118.8(7)
C1-P1-C8 104.8(4) C16-C21-C20 119.3(9)
C2-P2-C10 104.5(4) C19-C20-C21 121.4(9)
C2-P2-C3 106.2(4) P4-C22-C23 114.5(6) 
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C3-P2-C10
C3-P3-C16
C3-P3-C4
C4-P3-C16
C6-P1-C8
111.5(4)
110.3(4)
107.7(4)
103.6(4)
105.8(4)
F2-B-F3
F1-B-F4
F2-B-F4
C17-C16-C21
115.0(8)
105.2(7)
112.3(9)
119.0(8)
Table A.25: Crystallographic data and collection parameters for 
[RhCI2(rac-et,ph-P4)]BF4-2CH2CI2, 32c.
Formula C25H40BCI4F 4P4Rh
color yellow
fw 863.49
crystal system Orthorhombic
space group P212121
a, A 10.709(2)
b, A 14.263(3)
c, A 25.065(5)
a,« 90
P.* 90
Y. * 90
V, A3 3828.7(13)
z 4
Dc, g cm*3 1.498
crystal size, mm 0.50x0.35 x 0.13
ix, mm-1 1.05
temp., K 100
Diffractometer Enraf-Nonius CAD4
Radiation wavelength 0.71073A
Radiation type Mo-Ka
Radiaton source sealed tube
Radiation monochromator graphite
scan type 9 -2 0
collection range, - 2.0 -  32.0
no. of unique data 8377
no. of observed data 7272
no. of variables 400
R 0.036
Rw 0.089
GOF 0.861
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Table A.26: Bond distances (A) for [RhCI2(rac-et,ph-P4)]BF4-2CH2Cl2,
32c.
Rh-C26 2.165(18) C26-CI3 1.773(18)
Rh-P2 2.2537(11) B1-F3 1.382(5)
Rh-P3 2.2669(10) B1-F4 1.385(5)
Rh-P1 2.3531(11) B1-F2 1.396(5)
Rh-P4 2.3543(11) B1-F1 1.394(5)
Rh-CI1 2.4174(10) C1S-CI1S 1.766(6)
Rh-CI2 2.4284(12) C1S-CI2S 1.756(5)
P1-C6 1.818(4) C2S-CI4S 1.757(5)
P1-C1 1.827(4) C2S-CI3S 1.782(6)
P1-C8 1.830(4) C 1-C2 1.527(6)
P2-C10 1.807(4) C4-C5 1.528(5)
P2-C2 1.825(4) C6-C7 1.538(6)
P2-C3 1.840(4) C8-C9 1.527(6)
P3-C16 1.806(4) C10-C15 1.380(6)
P3-C4 1.820(4) C10-C11 1.409(6)
P3-C3 1.830(4) C 11-C12 1.385(6)
P4-C24 1.820(4) C12-C13 1.378(7)
P4-C22 1.829(4) C13-C14 1.381(7)
P4-C5 1.833(4) C14-C15 1.393(6)
C16-C17 1.393(5) C19-C20 1.374(6)
C16-C21 1.405(5) C20-C21 1.389(6)
C17-C18 1.380(6) C22-C23 1.545(6)
C18-C19 1.390(6) C24-C25 1.529(6)
Table A.27: Bond angles (°) for [RhCI2(fac-et,ph-P4 )]BF4-2CH2Cl2, 32c.
P4-Rh-CI2 87.32(4) C24-P4-C5 103.8(2)
P4-Rh-CI1 92.24(4) C22-P4-C5 104.91(19)
P3-Rh-P4 83.95(4) C24-P4-Rh 114.12(13)
P3-Rh-P1 96.45(4) C22-P4-Rh 118.1(14)
P3-Rh-CI2 167.42(4) C5-P4-Rh 107.7(13)
P3-Rh-CI1 95.80(4) CI3-C26-Rh 121.6(13)
P2-Rh-P4 96.88(4) F3-B1-F4 110.1(4)
P2-Rh-P3 73.46(4) F3-B1-F2 109.4(4)
P2-Rh-P1 84.52(4) F4-B1-F2 109.4(4)
P2-Rh-CI2 98.70(4) F3-B1-F1 109.8(4)
P2-Rh-CI1 165.00(3) F4-B1-F1 109.7(4)
P1-Rh-P4 178.60(4) F2-B1-F1 108.4(4)
P1-Rh-CI2 92.50(4) CI1S-C1S-CI2S 110.9(3) 
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P1-Rh-CI1 86.38(3) CI4S-C2S-CI3S 111.6(3)
C26-Rh-P4 93.7(11) C2-C1-P1 110.5(3)
C26-Rh-P3 163.2(7) C1-C2-P2 109.6(3)
C26-Rh-P2 90.4(6) P3-C3-P2 94.9(2)
C26-Rh-P1 86.3(11) C5-C4-P3 109.9(3)
C26-Rh-CI2 10.0 (8 ) C4-C5-P4 110.7(3)
C26-Rh-CI1 100.9(6) C7-C6-P1 114.1(3)
CI1-Rh-CI2 93.58(4) C9-C8-P1 114.3(3)
C6-P1-C1 104.0(2) C15-C10-C11 119.9(4)
C6-P1-C8 105.21(19) C15-C10-P2 123.0(3)
C1-P1-C8 105.34(19) C11-C10-P2 117.1(3)
C6-P1-Rh 114.93(14) C12-C11-C10 119.0(4)
C1-P1-Rh 107.06(13) C11-C12-C13 121.1(4)
C8-P1-Rh 118.91(14) C14-C13-C12 119.6(4)
C10-P2-C2 106.49(19) C13-C14-C15 120.5(4)
C10-P2-C3 110.79(18) C10-C15-C14 119.9(4)
C2-P2-C3 106.83(18) C17-C16-C21 120.1(3)
C10-P2-Rh 125.23(14) C17-C16-P3 122.6(3)
C2-P2-Rh 110.13(13) C21-C16-P3 117.3(3)
C3-P2-Rh 95.91(12) C18-C17-C16 119.5(4)
C16-P3-C4 105.99(18) C17-C18-C19 120.5(4)
C16-P3-C3 111.30(18) C20-C19-C18 120.3(4)
C4-P3-C3 106.79(19) C19-C20-C21 120.3(4)
C16-P3-Rh 124.89(13) C20-C21-C16 119.3(4)
C4-P3-Rh 110.78(13) C23-C22-P4 113.7(3)
C3-P3-Rh 95.74(12) C25-C24-P4 113.4(3)
C24-P4-C22 106.9(2)
Table A.28: Atomic coordinates with Isotropic parameters for 
[RhCl2(rac-et1ph-P4 )]BF4-2CH2Cl2, 32c.
Atom X ¥ z Ueg (A2)
Rh 0.42999(2) 0.25162(2) 0.823893(10) 0 .01110(6 )
P1 0.63259(9) 0.27911(7) 0.79109(4) 0.01354(18)
P2 0.42782(10) 0.40734(6) 0.83915(4) 0.01339(17)
P3 0.32674(9) 0.31772(7) 0.75448(4) 0.01221(17)
P4 0.22785(9) 0.22021(7) 0.85619(4) 0.01452(18)
CM 0.44746(9) 0.09759(6) 0.78435(4) 0.01849(18)
CI2 0.50804(11) 0.20005(9) 0.90999(4) 0.0193(3)
C26 0.518(4) 0.2282(16) 0.9005(10) 0.019
C1S 0.9374(5) -0.1885(3) 0.9054(2) 0.0383(12)
C2S 0.8979(5) 0.4680(4) 0.9694(2) 0.0360(12)
CMS 1.07359(15) -0.18127(10) 0.94487(5) 0.0424(3) 
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CI2S 0.91362(14) -0.08417(9) 0.86959(5) 0.0382(3)
CI3S 0.85373(14) 0.58605(10) 0.98298(5) 0.0398(3)
CI4S 0.76703(13) 0.39548(11) 0.96043(5) 0.0384(3)
CI3 0.5623(9) 0.1143(6) 0.9217(3) 0.027(2)
C1 0.6516(4) 0.4061(3) 0.78572(17) 0.0185(7)
C2 0.5847(4) 0.4556(3) 0.83156(16) 0.0183(7)
C3 0.3407(4) 0.4385(2) 0.77841(14) 0.0143(7)
C4 0.1616(3) 0.2880(3) 0.75661(15) 0.0165(7)
C5 0.1168(4) 0.2849(3) 0.81445(15) 0.0206(8)
C6 0.7581(4) 0.2431(3) 0.83539(16) 0.0215(8)
C7 0.7816(5) 0.1367(3) 0.8362(2) 0.0304(10)
C8 0.6752(4) 0.2327(3) 0.72551(15) 0.0208(8)
C9 0.8014(4) 0.2667(4) 0.7048(2) 0.0330(11)
C10 0.3605(4) 0.4635(3) 0.89704(15) 0.0180(7)
C11 0.4114(4) 0.4398(3) 0.94711(17) 0.0279(10)
C12 0.3611(5) 0.4799(4) 0.99261(18) 0.0351(12)
C13 0.2621(5) 0.5414(4) 0.9896(2) 0.0349(12)
C14 0.2130(5) 0.5646(3) 0.94039(19) 0.0297(10)
C15 0.2625(4) 0.5260(3) 0.89393(17) 0.0235(9)
C16 0.3727(4) 0.3082(3) 0.68535(14) 0.0157(7)
C17 0.4305(4) 0.3812(3) 0.65792(15) 0.0224(8)
C18 0.4688(5) 0.3674(3) 0.60594(17) 0.0293(10)
C19 0.4499(5) 0.2816(4) 0.58091(16) 0.0312(11)
C20 0.3931(4) 0.2093(3) 0.60780(17) 0.0271(10)
C21 0.3533(4) 0.2214(3) 0.66008(16) 0.0193(8)
C22 0.1907(4) 0.2551(3) 0.92462(15) 0.0210(7)
C23 0.0563(4) 0.2300(4) 0.94184(17) 0.0296(10)
C24 0.1795(4) 0.0985(3) 0.84897(16) 0.0181(8)
C25 0.2458(4) 0.0319(3) 0.88746(18) 0.0250(9)
B1 -0.0365(4) 0.5431(3) 0.8159(2) 0.0209(9)
F1 0.0661(3) 0.5277(2) 0.78286(11) 0.0382(7)
F2 -0.0642(3) 0.45955(18) 0.84234(11) 0.0344(6)
F3 -0.1381(3) 0.57028(19) 0.78561(11) 0.0296(6)
F4 -0.0081(3) 0.6119(2) 0.85299(12) 0.0385(7)
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Appendix B 
Nuclear Magnetic Resonance Spectra 
Of Unidentified Compounds
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Figure B.1: 31P{1H} NMR spectrum for the reaction of [Rh(nbd2)]BF4 and 
et,ph-P4 in CH2Br2.
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Figure B.2: 31 P{1 H} spectrum for the reaction of [Rh(nbd2)]BF4 and 
et,ph-P4 in CH3I.
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Figure B.3: 31 P{1 H} NMR spectrum for the reaction of [Rh(nbd2)]BF4 
and et,ph-P4 in CH2I2.
60 55 50 45 40 35 30 25 20 15 10 ppm
Figure B.4: 31P{1H} spectrum for the reaction of [Rh(nbd2)]BF4 and 
et,ph-P4 in CICH2CH2CI.
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Figure B.5: 31P{1H} for Super-Hydride reaction with 32, at 0 °C.
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